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BEHAVIOUR OF PLASMA IN A ROTATING MAGNETIC FIELD 


A, Lecatow1cz 
INSTITUTE OF NucLEAR RESEARCH 


Warsaw, PoLAnp 


An investigation is made of the non-relativistic motion of a charged particle (in a plasma) in 
an external rotating electromagnetic field of the form: H,—H, cos (wy/c) cos wt, Hy = 
H, cos (wx/c) sin wt, Hy= constant, Ey = Hy=0, Hy= H, [sin (mx/c) cos wt + sin (wy/c) sin wt], 
with wx/c<1 and wy/c <1. If the condition —1< (eHz/mcew) <—1 + (eH,/mcw)? is satisfied, then 
the particle moves away from the Z-axis. The particle energy is ~H,2e2 r*/(mc?k) in °K where 7 is 
the average distance from the Z-axis. 

The motion of the plasma is then investigated taking into account its proper electromagnetic 
field. The following transport equation is used: nm V +vV-v=nq (E+ Vv x H/c) —Vy —nmV¢+ p. 
The assumptions are: a plasma consisting of equal populations of electrons and deuterons with 
density ~101>/em3, o<10!/sec, H,~10? G, v<0.1c. At t=0 it is assumed that 7=108 °K 
and v=0 and that the derivatives of the plasma density with respect to the space variables are 
negligible compared to other terms of the transport equation. An expansion in powers of v/c is 
used. Zeroth, first and second order approximations are calculated using the Laplace transformation. 
Up to the second order of approximation, the field causes neither a durable change in plasma 
density nor a charge separation. 

Oscillations of four different frequencies appear in the plasma. At a definite frequency of the 
rotating field there appears a resonance phenomenon in which the amplitude of oscillation in- 
creases linearly with ¢. At resonance the mean energy per ion (in °K) transferred directly to the 
ionic part of the plasma increases with time as follows: ‘(1/192 x?) (e2m/c4M‘4k) (H,* Hz?/n,2) t?. 
This means, for example, that in an axial field of 104G and a rotating field of amplitude 10°G, 
the time necessary to provide energy corresponding to 108 °K (disregarding losses) is ~0.3 sec. 


1. Introduction 


To obtain controlled fusion it is necessary to have 
very hot plasma; besides, the plasma must be con- 
fined for sufficiently long time within a limited space. 
Practically, the only way to satisfy these requirements 
is to provide adequate magnetic fields. Therefore it 
is important to know the behaviour of plasma in 
particular configurations of magnetic fields. 

One possible configuration might be a rotating 
magnetic field in the presence of a constant homo- 
geneous magnetic field perpendicular to the former. 
A preliminary investigation of the behaviour of plasma 
in this configuration of fields, under certain simplifying 
assumptions, is undertaken in the present paper. 


2. External magnetic field 


We assume that the external magnetic field has 
the following form 


Hx=H, cos (wy/c) cos mt 

H,=4H, cos (w2/c) sin wt 

Hz=constant (1) 
E,=£,=0 

Ez=H, [sin (w2/c) cos wt + sin(wy/c) sin ot). 


Near the Z-axis this field corresponds to the con- 
figuration of the rotating magnetic field : 


H,=H, cos wt 
H,y=Hysinwt 


H.=constant (2) 
Ey,=Hy=0 
H,=(H, o/c) (x coswt+ysin wt), 
provided the following conditions are satisfied: 
wmale<1, wy/e<l. (3) 


3. The motion of a charged particle in the rotating field 


As an initial problem let us consider the motion 
of a charged particle in the field defined by Eq. (2). 
Starting from the non-relativistic equation of motion: 

mt —eH+(e/c)rxH, (4) 


we obtain, after taking into consideration Eq. (2), 
the equations for the separate components: 


aaa dy : dz 
ee 29% arm aad (Q, sin T) oF 
d*y da dz 
di 2, dr + (£25 cos 7) dr ) 
2 
ae Ey aT (x sin t—y Cost), 
where 
t=ot, Q)=eH,|(mew), 2,=e H2|(mco). 
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A. LEGATOWICZ: 


Integrating the third equation of Eq. (5) we get 


1z c 5 
= =, (xsint — y cost) + C3. (6) 
Substituting Eq. (6) into the first two equations of 
Eq. (5), we obtain a system of equations that can be 
written thus 


2U Pee ee eR ek re 
ee = — 5 S20" U+ 5 S20" U*e2it + i0,0,e'*, 
(7) 
where U=x +1y. 
Substituting then 
tye (8) 


we obtain an equation with constant coefficients 


T 
dr? 


+ (52° Qs ii 


A d 
(2+ 025) 7 


1 5 ; 
3 20? PHI 2y C3. (9) 


Solving Eq. (9) and substituting the result into 
Eq. (8), we obtain 


Q Y 
U= lm i(us } Q HENS ij ) er, (10) 
0 3 
where 
QAO 
U,—=— (2 + 05) Gee: cos (2; t + 9) 
(OMG . rae 
OF =a, 4a] cos (92.7 i »)| 


U,=C, sin (Q, 7+ ,) + Cz sin (Q,7+ Yo) 


—= Ec 
Qy.=V 1/2 [2 + Qo + 232 + 22,+ VAT? 
A= (240)? +Q,? + 2.Q,)?—4 (Q5 + 1) (Q3+ 1—Q,?). 


Cy, Cy, C3, 1, Pg are constants dependent on the 
initial state of the particle. 

The condition for the particle to move within a 
limited distance from the Z-axis is that 2,,, must 
be real. This leads to the inequality 


(Qo? + QP +202, +2)? >4 (Q5 +1) (Q,+ 1—2,%)>0. 
(11) 


The left side of the inequality is always satisfied. 
The right side leads to a condition which can be 
written as 


either 
é Hz|(mcew)<—1 
or 
e Hz|(mcew)>—1+ [e Hy/(meow)]?. (12) 
If there are two kinds of particles, negative electrons 
and positive ions, by a proper choice of Hz, Hy and 
@ we can obtain the four possible cases, viz: 


(a) both kinds of particles move within a limited 
distance from the Z-axis; 

(b) both kinds of particles move away from the 
Z-axis ; 
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(c, d) the particles of one kind move away and 

those of the other kind remain confined. 

The energy achieved by a particle can be estimated 

on the basis of Eq. (6). Assuming that the average 

distance from the Z-axis is 7, the average energy of 
the particle will be of the order 


(Heer oy 3 
De oie ( K), (13) 
where k denotes the Boltzmann constant. If 


H,, =1000 G and 7 = 10 em, the energy of the deuterons 
(M =3,3-10-%4g) will be of the order 


Tx ~5.107(° K). 


4. The motion of plasma taking into account its proper 
electromagnetic field 


4.1. INITIAL EQUATIONS AND ASSUMPTIONS 


Let us start from the transport equation for char- 
ged particles, page 97 of [1], 


nm (3 alle v's] =) {E aE ; =| —Vy—n mVop+p. 
(14) 
We assume that: 


1) The electron density n and the ion density N 
are of the order of 101° cm-3. 

2) The rotating field frequency m< 10" sec™!. 

3) The amplitude of the external magnetic field 
is of the order of 10% G. 

4) Plasma temperature at t=0 is of the order of 
106 °K; this temperature has been achieved by 
other means. 

5) Particle velocities are at least one order of 
magnitude lower than the velocity of light. 

6) Deuterons serve as ions. 


Let us introduce new variables 
w=v/c 
W=V/e (ions) 
Op=V4re2n/u, w=mM|(m+M) 


L,Y, 2 =P, lo We 


(electrons) 


(15) 


Ex=(a/Cc) Xk; T=OWpt . 


NM, 18 the plasma density at ¢=0. 

Accepting the above assumptions, we note that 
the first terms of the left and right side of Eq. (14) 
are the most important because the other terms 
are smaller by at least three orders of magnitude. 
In the notation of Eq. (15) the transport equations 
for the electrons and ions will be, respectively: 

Ow e€ 


“Bee (BE +.w x H) 


M Wp C 
ow e 


(16) 


To the above equations the equation of continuity 
and the Maxwell equations should be added. In the 
new variables of Eq. (15) the equations are 


4) l L 
= te an V-(nw)=0 
oN 
VN W)=0 
CT Op 
o = e(N— n), j=ec (NW— nw) 
V x BE a ap ¢e H (17) 
wo Ot c 
Op A ot 4x 
1 Manas as euer ae: 
Vek Cs 0 
@ 
V-H=0. 


The system, Eqs. (16) and (17) is nonlinear. To solve 
we expand all variables in powers of a small para- 
meter 6 


w= Siw, W=S'W,6 | 
l l 
E> be HW) Ho 
l I 
n = eed Nea EN, é! 
1 l 
e= Dae, j= je": 
I I 


To determine 6 we assume that w,=W,=0 and 
w, is of the order of unity — then the parameter 6 
will be of the order of v/c for electrons. 


(18) 


4.2. THE INITIAL CONDITIONS 
We assume that at t=0 the plasma is at rest, i.e. 
w (0) =W(0)=j()=0, 
and is neutral 
n(0)=N(0), 0(0)=0. 


We assume also that at ¢=0 the plasma is practically 
homogeneous; this means that the derivatives of 
plasma density with respect to spatial variables, are 
negligible in comparison with the other terms of the 
equations. 


4.3. ZERO-ORDER APPROXIMATION 


Substituting the expansion, Eq. (18), into Eqs. (16), 
(17), and comparing the coefficients for the zero power 
- of 6 we obtain a zero-order approximation: 


OW __ YZ 


dt ss MC Oy (Ep + Wo X Hy) 

pW eS (Ewe 

OT Me Dp ( Ut 0 0) (19) 
ON 


OT 
aN, 
OT 


+ aa (% Wo)=9, C9=e (Ny — %») 


= —V(NW,)=9, jo=ec NoWo— Wo): 
p 
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and the Maxwell equation for the quantities with 
the index 1/=0. From the assumption wWo=— W,—0 
it follows that E,=0 and H, does not depend on 
time. We are going to assume that the homogeneous 
field along the X,-(or Z-) axis is of zero order and is 
an order of magnitude larger than the amplitude 
of the rotating field. Thus we obtain in the zero- 
order approximation the following solution: 

ip =0 


Wo U se a=0 14,0 


H, (0,0,H,), H,=constant, 


09=0 
(20) 


Wo =N,=constant, 
where H, is 23- or z-component of the external 
magnetic field, see Eq. (2). 

4.4. FirRst-ORDER APPROXIMATION 


Proceeding in the same way as in Section 4.3, and 
taking into account Eq. (20) we obtain the equations 
of the first-order approximation 


shi g } 


ie ee (E, + w, x H,) | 
eW, a a (BE, + W, x H,) eae 
oe de a V-(mW)=0 9,=e(N,—7,) | | 
ee °-V-(NoW,)=0 j,=ee%(Wy—w,) | 


and the Maxwell equations for the quantities with 
index 7 = 1. 

Consider the electromagnetic field E and H to be 
a superposition of the external field E,, H, expressed 
by Eq. (1) and of the proper plasma field ¢, h, 


P24 PH hei. (22) 


Assuming, further, that the proper plasma field 
at t=0 is equal to zero, we can obtain the solution 
of the system of equations, Eq. (21), without any 
difficulty after appropriate calculations using the 
Laplace transformation : 


Ey, = Ey.=0, H,3;=0, Wyy= Wy = Wy =Wp2=0) 


= 0, tN —0 


ju= jy2=9, 


Ey3= —= (sin &, cos 2,7+ 5 sin &, sin 2,7} 
1 


t) 

H, | 2 1 
Hie cS cos & cos (2, T+ GG & 

H, {2 
Hig (5- cos &, sin 22, T 

a Cel, \ (23) 
18 ~~ § mc wp 2; Ps 
[sin &, sin Q) tT — 9, 3m &, (cos 2, t — )| 
i 
(Adak, 

Vises sic, 0, 


[sin eee <r = sin &, (cos 2,7 — | 
1 x 
Oe PhO = VLD: 
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4.5. SECOND-ORDER APPROXIMATION 


In the second-order approximation, having taken 
account of the solutions of the zero and first order, 
we obtain the equations 


O Wy e a Goi 
OT = mC Mp Mu 2 x Hy a mC Op (By a b) 
aWs e vw. 2a 
Sy ani Ne ayaa 
De Wrex eVects » (24) 
ONs - 3 
aE + QV- (Nm) W2)=90, O.=e (Nz — no) 
aN : 
Za Ft RV: (NW2)=0, j2= 6 9 (W.— Wo)» 


and the Maxwell equations for quantities with the 
index 1/=2. In this approximation 


Wo3= Wo3=0, &3=0, Jog=0, (25) 
which results from the fact that 
Wig W aoe Wee, == 


Applying the Laplace transformation to Eq. (24) and 
introducing complex variables: 


W= Wy, FI Woy W= Wo IW oe 


N= +1 b=b,+ib, B=B,+iB, 
J=Jutifo, H=HAy+i fp (20) 
eH, _ eH, on. 
M C Wp = Sle Mew, ~~’ 
we obtain the equations 
A e 1 Beare 
a MCWOp P—i12, (7+ 5) 
A 1 bs A 
— | 
Mew prim + *) | (27) 
1 A Ao ile aos 
O15 Say 5) mi* 4 2 Noo™ ife*) 
I A 4m 2 
ae 
== pI) Oy Pio 


where p is a transformation parameter, the asterisk 
denotes a conjugate variable, w is the transform of 
w, etc., and the subscript symbol / denotes 0/0). 

From the Eq. (27) we can obtain the equation for 7 
which can be written in the form 


! y 1 ny Is Ax om A 
l 


where 


ce et ee Pp +1Qije 
mM ~“ (p+ iQ) (p—iQe) 
= eH, 
Gee (M — m) wp ¢ 


2x70) (p +193) (p —i1Q¢) +1 
ee erento ea, 


G =. 
_ ee 
D= OC Mp2, 
[sin Gems) sa sing, (cos 7—1)]. 
1 
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Retaining in the expressions for D and H only the 
largest terms (at least two orders of magnitude larger 
than the remaining ones), we obtain 


Se 


a 29 
p? + 2, (29) 


G = iF [sin (€, + €,) + sin (€,;— 
F e€ Hi,” 
— 26% e ap 2,7 — 
Assuming 7 in the form 

7 = Fsin (§& + &) + F, sin (€; — &) » 
and substituting it into Eq. (28), we obtain, after 
proper calculations, 


8 Wi — Gay ll il 
— = = : = Q) zi ‘ 
ei mM Q p?+2;? (Q1+ —) Bin 
i ae 1 : 
ip Viel (peas 


mM Q p?+2,? 
where 


Q= 2 22? [ (p? + Q)?) (p? + Qe?) + p2+ Qi Qe| 
+ p? | (p? + Q2) (p? + Qe?) + 2 (p?+ Qj Q.) + 1] 
QQ? ( 


Qy= POTD tye + (QOD) 9? 
+ (QiQe+ Dic Qi — Die Qe) P— Die Qie] (31) 
Qp= SU [pt + (Qo— Qi + Die) v? 
ae (Q; 26+ Qe Qi — Die Qe) 10-7 QQ. Qie| 
enw Us Lt (Qie + Qe— Qi) p? + p— Qie Qi Qe} 


+ i {p? + (Q)2e+ Qj Qie— Qe Qie) p+ Qie}]- 


Now we substitute the expressions for FP, and F, 
into Eq. (30) and obtain the Laplace transform of 
the electric field 7 and the transform of electron 
and ion velocities of the plasma: 


is € pti, : ‘ 
ee MCOp Pp oh Q2 [o,sin(&,+ E,) +a,sin (£,—,)]] 
a @ p—ii “ . 
V= Mcay p? 722 [Bi sin (£, + é,) + Bysin(&,—&,) | ae 
bn ct eels psf I 
: : mp7 OQ? me: 24 on p2 + 2,2 
2 oJ 1 a 5 Jt il 
aes Geb merorarena ea A p+ a?’ 


After the application of the inverse transformation 
we obtain the solution of the second-order approxi- 
mation. However, as such expressions would be too 
complicated and awkward for discussion we. shall 
discuss the transform instead, Eqs. (30)—(32), and 
apply the inverse transformation only in such cases 
where it is necessary to obtain numerical results. 


5. Discussion 
5.1. THE PROBLEM OF THE CHANGE OF PLASMA DENSITY 


From the expressions Eq. (31) and (32) it follows 
that in the velocities of both plasma components 
the periodical terms as well as the non-periodical 


are present, the latter being independent of time. From 
the point of view of a durable change in plasma density 
the latter are the most important. Introducing p=0 
into Eq. (31) and (32) we find that the time-independent 
terms of the plasma velocities satisfy the equations 


V-W,—0. (33) 


This means, that up to the second order of approx- 
imation, the field concerned causes neither a durable 
change in plasma density nor a charge separation. 


V-w.=0, 


5.2. FREQUENCIES OF PLASMA OSCILLATION 


The frequencies plasma oscillations are given by 
the singular points of the expressions, Eq. (32). For 
electrons these will be the points 


p= = 1 OF 
: (34) 
and the singular points of ¥, and Re 
For ions the points will be 
p= +19; 
(35) 
p= +i9,, 


and the singular points of BF, and ee 

The latter are found by the assumption Q=0 in 
Eq. (31). This expression is of the third degree in p?; 
therefore, zero points of this polynomial can be found 
without difficulty. We shall not perform this computa- 
tion because it is complicated and not interesting; 
we shall confine ourselves to the statement that, on 
the basis of the form of the expression for Q, it can 
be shown that all the three roots are imaginary and 
that each root is different. This means that in the 
plasma there appear oscillations of three additional 
different frequencies 


p= +iQ, 
ae. (36) 
p=+i9,. 


5.3. RESONANCE PHENOMENA 


There arises an interesting question whether it is 
possible to find a frequency of the rotating field such 
as to cause a resonance of the ion part of the plasma. 

Putting p?= — 2; in the expression for @ in 
Eq. (31), we obtain for the resonance frequency of 
the rotating field the formula 

Qj 1 + 2 Qj (Me — 9)] 


0? = ee) 


2 (Q¢— Qi) (37) 


With the accepted assumptions this frequency in 
ordinary units is approximately equal to 


27 Ny e* 
rare 

It follows from the above formulae that the reson- 
ance frequency of the rotating field is not equal 


(38) 


Or=> 
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to the cyclotron-frequency of the ions but has another 
value, practically independent of H, (—Hz2). This 
value is of the order of the proper frequency of the 
ion part of the plasma. 

Also from Eq. (37) it follows that, for plasma in a 
dispersed state when the condition 


ORO sa (39) 


is satisfied, the resonance frequency of the rotating 
field is approximately equal to the ion cyclotron 
frequency, 

QO. a Ov 


Thus, in this case we have an ordinary cyclotron 
resonance phenomenon. 


5.4. THE PROBLEM OF ENERGY EXCHANGE BETWEEN 
THE ELECTROMAGNETIC FIELD AND THE PLASMA 


Power density transferred to plasma by the electro- 
magnetic field is expressed by E-j. Taking into 
consideration the power density transferred to the 
ion part of the plasma and taking into account only 
the resonance terms we get from Eqs. (30), (31), (32), 
an expression for average energy transferred per single 
ion, in kinetic temperature units: 


em 
CS aye 


4qy 2 
suet (i : (40) 


+ —\(°K). 


1 
192 x2 MO} 


If the axial field H. =H, —104G and the amplitude 
of the rotating magnetic field H,=10% G the time 
necessary to provide energy corresponding to 10° °K, 
disregarding losses, amounts to about 0,3 sec. 


6. Final remarks 


All the above results have of course an approximate 
character because the assumptions take into account 
only the volume effects. In practical equipment 
plasma is never homogeneous. In addition, the assumed 
initial conditions disregard the way of switching in 
the rotating field. 
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This paper presents a theory of conduction and radiation losses in a linear pinched discharge 
under steady conditions. The modei selected is one in which the ohmic heating in a thin skin 
of current is equated to the radiation and axial conduction losses, the discharge being considered 
at a uniform pressure determined by the Bennett relation modified to include the effect of a 
possible completely trapped axial magnetic field. Formulae for temperature and other physical 
quantities are presented and limiting forms considered in a variety of circumstances. The effect 
of thermoelectric phenomena is considered and conditions under which the treatment 1s likely 


to be applicable discussed. 


1. Introduction 


This paper investigates theoretically the significance 
of thermal conduction loss at the electrodes of a 
stabilised linear pinched discharge. BRAGINSKIT and 
SHAFRANOV [1], and Harnzs [2] have also considered 
this problem but these authors have investigated 
models differing considerably from that discussed here. 

The present work has been developed from that of 
KaurMan and Furr [3]. They consider a quiescent 
plasma in which axial conduction loss through the 
electrodes is maintained by joule heating. Adopting 
a one-dimensional formulation and assuming the 
electrodes to be held steady at some known tempera- 
ture, they derive a relation connecting voltage across 
the discharge and maximum temperature generated. 
They also obtain the temperature distribution as a 
function of distance from the centre of the discharge. 

Under suitable conditions, the axial current in a 
discharge is at first confined by inductive effects to 
a thin layer at the surface of the discharge. According 
to Tayner [4], when the current has penetrated 
to an effective depth of about 15% of the radius 
of the discharge, instabilities cause break-up and 
the gas is no longer adequately confined. Within the 
main body of the discharge the pressure should be 
approximately uniform since in this region there is 
no appreciable current. These considerations suggest 
a simple model which is susceptible to mathematical 
treatment and based on the following assumptions: 

(1) The gas of the discharge is fully ionised 
throughout a cylinder, but the axial current 
only passes through a skin at the surface 
occupying a fraction A of the cross section of 
the cylinder. This assumption replaces the 
consideration of inductive effects. The general 
problem of how the axial current is distributed 
in a cylindrical conductor has been considered 
by Hatnzs [2]. 

(2) The current in the skin is determined by the 
usual resistivity formula. 

* Now at A.W.R.E., Aldermaston, Berks., 
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(3) The pressure is uniform throughout the 
discharge. 

(4) Any longitudinal magnetic field is considered 
to be completely trapped. This assumption 
is justified to some extent by the work of 
ALLIBONE et al. [5]. 

(5) The discontinuity in the axial magnetic field, 
at the surface of the cylinder, gives rise to 
an azimuthal sheet current which we assume 
is uniform -within a skin. This skin occupies 
a fraction u of the cross section of the discharge. 

(6) The only loss processes operative are axial 
thermal conduction and radiation losses through 
the emission of bremsstrahlung. 

(7) Sheath effects close to the electrodes are 
neglected. 

(8) The temperature of the plasma is uniform 
across any cross section of the discharge per- 
pendicular to the axis but varies along the 
axis of the tube. 

(9) The ion and electron temperatures are equal. 
(10) The discharge has reached a steady state. 
(11) Temperature and current are related by the 

pinch relation of BENNETT [6], modified to 
include the effect of an applied longitudinal 
magnetic field. 


The assumptions (1) and (5) appear to contradict 
assumption (10) as well as the concept of appreciable 
heat loss, since the diffusion of a magnetic field into 
a conducting fluid proceeds at a rate proportional 
to that of the diffusion of heat. Thus it is necessary 
to show that there exists an interesting range of 
temperature 7’, pinch radius a and length ZL of the 
discharge in which 


de a 
et, (1) 
where de is the electrical skin-depth and 6d, is the 
heat skin-depth. Generally 
be I 


ae ah. (2) 
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where 7 is the electrical resistivity and x= K/(o Cg) 
is the thermal diffusivity, 9 and OC, being the density 
and specific heat per gram of plasma, respectively. 
Anticipating the formulae of Eq. (4) and the physical 
constant of Eq. (32) one obtains 


Oe Oey AV/n : 
ie 1.9 In TR (3) 


where » is the particle density. As an example con- 
sider 7’7=10°, n=101%cm-3 and nd ~10 then 
de/On~0.002. Thus for a discharge of dimensions 
say, a=1 cm and L=100 cm the assumptions (1), 
(5) and (10) are compatible. Of course, in the vicinity 
of the electrodes these assumptions cannot be expected 
to hold, but then it is extremely unlikely that any 
of the assumptions (1) to (11) will be valid in these 
regions. 

These assumptions differ from those of KAUFMANN 
and Furr [3] by the inclusion of radiation losses 
and the effect of a longitudinal magnetic field. In a 
later section the effect of including terms in the 
conduction equations relating to thermoelectric effects 
is investigated. 

While the assumptions are very restrictive and 
probably mean that the results cannot be applied 
directly to any known experiment, it is hoped that 
the results may be of value in estimating the impor- 
tance of axial conduction effects in a pinched discharge. 

It is assumed that the electrodes are maintained 
at T,=0° K, but it can be shown that electrode 
temperatures up to 1300° K do not appreciably 
affect the results obtained. Solution of the conduction 
equation enables an analysis of the stabilised linear 
discharge to be made in terms of seven parameters, 
namely, the electron density in the unpinched 
discharge, np», the radius of the discharge tube, R, 
the length of the tube, 2, the initial axial magnetic 
field, B), two skin depth parameters /, mw, and the 
potential fall, 2m). between the electrodes. 

In order to determine the time required for the 
establishment of a thermal steady state in a con- 
duction-cooled linear discharge, a rough numerical 
solution of the non-linear time dependent conduction 
equation was obtained.* A pulse of 10°° K was put 
on at the centre of the tube and maintained, whilst 
the electrodes were kept at 1300° K. For a tube of 
length 300 cm containing a fully ionised gas of 
1014 particles per unit volume the time required to 
achieve the thermal steady state is of the order one 
microsecond, that is some 4 or 5 times greater than 
the relaxation time to be expected from evaluation of 


TlAUe 
/2 kT nax|tMe 


To establish pressure equilibrium in deuterium gas 
requires a time of about one order of magnitude 
greater than that for the thermal steady state to be 
set up. Thus it appears that for a slow linear pinch, 


* This numerical solution was obtained by M. R. WETH- 
ERFIELD. 
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when loss processes other than bremsstrahlung radia- 
tion and axial conduction are insignificant, the 
steady-state problem is of genuine interest. 

In Section 2 the equations appropriate to the steady 
state are written down and the conduction equation 
solved. The results obtained are discussed in Section 3. 
The significance of thermoelectric effects is considered 
in Section 4. Finally, in Section 5 there is a general 
discussion of the results including a consideration of 
the regime in which they may be applicable. 

Electromagnetic units are used throughout except 
for the electronic charge e which is expressed in 
electrostatic units, and except where otherwise indi- 
cated. 


2. The steady-state problem 


The formulae taken for electrical resistivity 7, 
thermal conductivity A, and the amount of brems- 
strahlung radiation ¢, emitted per unit time per unit 
volume of plasma, are respectively, see SpPrrzER [7], 


3 


=o 


5 
ies Neate (4) 
ae 
een nr? 
with 


3 

H,— 6.03 X10" In A emu CK) * 
1 

ep ex 10-*rerg em” seca (KK) 7s 
The value for K, is given in Section 3. Since In A 
varies only slowly with the particle density (measured 
along the axis of the tube) n, and the absolute tem- 

perature 7’, this dependence is neglected. 

In the presence of a magnetic field both the thermal 
and electrical conductivities perpendicular to the field 
are reduced. It is possible therefore that the assumption 
of uniform temperature across the discharge might 
need refinement in order to deal with strong fields. 
However, for convenience we assume the uniform 
model to be appropriate both in the presence and 
absence of a magnetic field. 

The axial electric field Hz is related to the electro- 
static potential m by the familiar form, 


He (5) 
x being the distance along the discharge measured 


from the anode. Other equations connecting the 
various axial electrical quantities are 


Lz=jz Y) (6) 
and 

Ch as 

rye ==(\). (7) 


Since the axial magnetic field Bz is assumed 
completely trapped, it can be determined from 


Boa Bee ha): (8) 
where A is the cross-sectional area of the pinch. 
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A. H. DE BORDE, F. A. HAAS: 
The pinch relation of Benner [6] modified for the 


inclusion of an internal axial magnetic field is 


ene ae BA aes 
[2=}2 Arj2=4 NET + | 72. (9) 
where N is the number of electrons (or ions) per unit 
length of discharge. 

The discontinuity in the Bz field at the surface of 
the pinch gives rise to an azimuthal current of density 
jo flowing in a thin skin of width 6 em, such that 


; B J 
(ie ae im) 
If a is the radius of the pinch and noting that for 
0<a 

27ad 


Hah cD, 


b= 


then the heat conduction equation to be solved is 


ff Loe! +9 é 
( ; jer. (12) 


‘dx \ da 


wes 
) =6, 0? T* —) Ezjz 


Using the boundary conditions p=0, 7’= 7m when 
dT/dz=0, Eq. (12) may be integrated to give 


Oy 10 Ko 9 { z)} ‘ 
P= egy Fat (l(a . 
where 
, _ AT? TED Gpele = 0\ 2 CTORLS gett 
BG) =1—“FF (| Fas) tT aeaye 


and J», a critical current analogous to that arising 
in the work of PEASE [8], is given by 

& 
2 


= 1.44 x 10® amp. 


16 7) Ky 
€ 


0 


I= | (15) 

Inapractical case 7’, , the temperature of an electrode, 
is of order 1000° K while Eq. (13) would not be 
expected to hold for Ty,<105° K, as the level of 
ionisation would be inadequate. Thus when the 
electrodes are maintained at+q,) a term of order 
(T)/Tm)* can be neglected. It can be shown that 
allowing 7’)—0 does not lead to any mathematical 
difficulty on account of the singularity in n. 

Using the boundary conditions d7'/da =0 at T= Tm, 
T=0 at x=0, Eq. (12) can be made to give 


sit! Fag 
ie Re 
C4 = {sin? 940, (16) 
0 
where 
Se iE 
Cy=% Tm ° leo,” (17) 


thus exhibiting 7'/7'm as a universal function of «/L, 
that is 


(18) 
F («/L) has been plotted by KAurMan and Furra [3]. 
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Since 7’=0 when x=2L it is simple to show that 

ating 

no Tm Piz 
PolL 


ei 


ek ee 
0, =  Faay = 0-TI9= (19) 


Equation (19) shows the current density in terms of 
the average potential gradient and maximum temper- 
ature. C, appears as a correction factor to the current 


density to be expected from the supposition of a 


uniform temperature throughout the tube. 
Since the pressure throughout the length of the 
discharge is assumed to be constant, 


Ni Nat (20) 


Nm. the number of particles per unit length at the 
centre of the tube, can be expressed in terms of the 
initial particle density, since assuming complete 
sweep-up of gas, the average number of particles 
per cm. length of discharge before constriction must 
be equal to that during constriction. 

Using Eqs. (16), (18), (20), 


* 7g AE 
Ny = ene . > (21) 
1 
where 
1 
= ae >! L(5/4) 1(9/4) eo (22) 
ey 1 FY) A ze a 
0 


C, is the factor by which the line density of the par- 
ticles is reduced from its original value at the point 
of maximum temperature. 

Using Eqs. (19) and (21), with the pinch relation, 
Eq. (9), for 7=Tm, leads to the cubic equation 


4 
Be \? ¢ 
Zz (3° Zo (23) 
where 
1 
Oh 4 j2 is 
L= Aje* (eae | ce) 
and the critical field Bo, is given by 
3S 1 
_ [ann k\4 4 Ln 2 é 
el coamld al scanna ee 


As an example for ~R?n,=10!* particles/cm, 
Po =4kKV, 0=225 em, R=20 cm, A=0:3 then 
B.~4.4 gauss, so that in most cases of interest it is 
likely that By> Bg. ; 

After some elementary algebra one can derive the 
following result: — 


if 
ckT —s, +(s,2+4s,) 2 
ge) 
eA? wo 
where 
2 
_ 4x Bench? p48 1 
“1 C, I? en Ky (1 A (> 
and 
eo Cuki Ai 1 
bias racy (1+ =. za) = 0.618 (1 ree mak (28) 


Further algebra leads to the following results for 
I~ and A, respectively, 


4 
: sree: By\ 8 
2 2 Y—-1]}.4 2 ¢ 
I2=47 Rn, 0, kT 2 (2° (29) 
2 ess 
Z, R20, By® Bes 
Ae ee) (30) 


16 nk Tm 


If Q. is the heat dissipated through conduction 
via the electrodes and Qp that lost by bremsstrahlung, 
then it can be shown that 


QR dee ; 
On, 8 : (31) 
r¢(22) Mie Hi, 12 

oll Geecea ae 


This result indicates that for a sufficiently large 
axial magnetic field the radiation loss will be negligible 
compared with the thermal conduction loss except 
when unusually high currents flow. This effect is due 
to the “blowing out” of the discharge by the axial 
field trapped in the plasma. Numerical examples 
illustrating the above results are given in the following 
Section. 


3. Examination of results 


According to SprrzeR [7] when no current flows the 
effective thermal conductivity is reduced due to 
thermoelectric effects. So far we have ignored these 
effects, but we shall see in Section 4, where a simplified 
model incorporating these effects is treated, that 
the reduced conductivity is appropriate in the present 
model. The appropriate value for Ky is thus 


po | a 


K, = 1.84 x 10-5 (In A)“ erg see? em-1 (°K)? . (32) 


In all calculations a mean value for In A equal to 
15 is adopted. 

We have seen in Section 2 that a typical value 
for B, is of the order 4.4 gauss so that usually for a 
stabilised discharge B,> B.. In these circumstances 
the Eq. (23) for Z can be solved approximately to 
give 

Be 


amie $8 


z (33) 


Eliminating Z between Eqs. (27) and (33) we obtain 
the following expression for s,:— 


(34) 


4 (3 
BY) 4x Rn, ch? go A? 
8yo™m ray = . 
z By Cy 1g? 19 Ko 


.This may be written ; 
2 Bay 
$1 ~ 0.783 (1 R? ng) A? V x10-*(=2 , (35) 
0 
where V is the voltage across the tube. 
The maximum temperature 7'm is given by Eq. (26). 
This may be simplified if s;<4/s,, that is when the 
discharge is primarily cooled by conduction, 


die (*) re (vs.— 4) (36) 


LOSSES IN A STABILIZED PINCH 
The first term of the bracket is that which would 
arise if thermal conduction were the only heat loss; 
the second is a correction due to radiation losses. 
In the examples which follow we take A~w and 
smce Be < By, by Eq. (33), we may take Z~1. As a 
particular example we may consider the following 
conditions : — 


N=108 cm, m=1kV, A=0.3, By=1000 gauss 
(37) 

EE Is0'cm) yh ==45 cm, 
The dimensions 1 and R, for the sake of definiteness, 
are those occurring in “Columbus T2” (see BAKER 
et al [9]. By Eq. (25) this gives B.~6.3 gauss; also 
Hq. (35) gives s,;~1.9 x 10-*§. The maximum tem- 
perature 7’, can be determined from Eq. (36) and is 

Dee LOS Ke: (38) 
The current Jz is of the order 4.2 « 106 amp and 4, 
the cross-sectional area of the pinch, is of the order 
18 sq. ems. 

Applying Eq. (31) to the above example we find 
that Or/Qe~1.2 « 10~* indicating that radiation losses 
are negligible. 

Consider, as second example, the following condi- 
tions : — 


Wio— 104 em *, o, = 1L0KV, A=0.3,-8, — 125 gauss 
= Vom, sae - 


Under these conditions B.~11.1 gauss and s,~.003, 
thus 
Tens T1008 Kon de aex 10% amp, 


the last following from Kq. (29). The results arising 
for no axial field present are also obtainable from the 
previous expressions. The general expression for s, 


becomes 
3 3 
a" 4m Rn, ch? m)A* _ 2 Py 10-22 
= RN Ca ed O.783:(7 02 1,) A. V-lO0e, 
(40) 


From Eq. (36) we see that the presence of the mag- 
netic field diminishes the effect of radiation loss. 
(s,;<+/s,). Considering the conditions quoted in the 
second example above but with no magnetic field, it 
is found that 

Tne Wale (Oe (41) 
We see that the effect of the magnetic field is to 
produce a negligible rise in temperature. 

Using the same conditions, but with no magnetic 
field applied, Jz is found to be of the order 1.2 x 10° amp. 
Thus we see that the presence of the magnetic field leads 
to an increase in J, by a factor of order 6. 

The second example considered was selected in 
order to demonstrate the conditions under which 
radiation losses begin to become significant and, in 
fact, the value x R? ny~10!8 em—! is somewhat high 
for a practical discharge. A value 101° cm~? might be 
more realistic, but in these circumstances radiation 
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losses are insignificant and the term s, in Kq. (36) 
may be neglected. 

Equation (26) may also be simplified if the dis- 


charge is primarily cooled by radiation, that is, if 


8,2>s,. In this case 


G(s) ~ 2 — 3; (42) 
1 Sy 
and 
ail + [ 8» Sy” \ ‘ 
kTn= (e/¢) Po he \ 5, =a see (43) 


The current J, is given, using Eq. (29), by the ex- 


pression 
8 


2 — 1" 74 Bo ° P_ | 
1a tot) 2) 


—— (44) 


As before, when By>B., thenZ~1 and when B.> Bo, 
then Z4( By/ Be) > ~1. 


4. Thermoelectric effects 


So far the existence of thermoelectric effects has 
been ignored in consideration of the discharge. These 
effects produce a heat flow in the opposite direction 
to an applied electric field, and an additional current 
in the direction of a temperature gradient, the 
equations controlling the heat flow and current being 
given by SPITzER [7] as 


(45) 


A ell 


dx * 


Q=—pE—K (46) 
In these equations, it is assumed that the heat flow Q, 
current density 7, electric field #, and temperature 
gradient are all in the axial direction. « and f are 
given by Sprrzer and Harm [10]. In the skin of the 
discharge Eqs. (45) and (46) hold without modification. 
In the main body of the discharge as before, we 
assume that no current flows due to inductive effects. 
Ignoring dependence on 17’ through In A, «% and 
have the temperature dependence 


3 
C= gl * 
is (47) 
B=ByT* 
5 
VGN CE (48) 


K’ occurring in Eq. (46) is, of course, the thermal 
conductivity unmodified for thermoelectric effects. 
Making use of Eqs. (45) to (48), we have in the skin 


5 
dQ d eee a d ‘ 
Se ar et Tat} — ap Bots: 7), (49) 
where 
Keak? (1 = a (50) 
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Whilst for the main body, we have 


(51) 


da 


2 | 


To proceed further we interpret @ as an average 
heat flux by adding Eqs. (49) and (51) with weights 
A and 1—A respectively. We equate dQ/dx to the 


joule heating in the plasma, for simplicity neglecting 


any losses due to bremsstrahlung radiation. 

We thus obtain 
Va : 5 ele SE 47, 
+ ABo No jz aS +AHzjz+pjo°n=0. 


d : 
da dx la 
(52) 


da (Ky “ 

In obtaining Eq. (52) we have also used the con- 
tinuity equation djz/dz =0. Substituting for # using 
Kq. (45), Eq. (52) reduces to 


me a - qT ot a ee ! 
Tt | | OD Sag Gy? aoe en 
with 
&=A Np jz (Pp —%)/ Ko 
l (54) 
b K No Jz {1 =f ir = 
The substitution in Eq. (53) 
2 aT 
ee dx (56) 
leads to 
1 
p 7 (pT) +ap+b=0 (56) 
which can be integrated in the form 
1 , 1p’ 
a ee 2 Doh) een eee 
In 7+ 3 In (p +ap-+ b) al pier ie = Dad} 


where D is a constant. 

It can be proved using the results of SprrzeR and 
Harm [10] that 4b6—a?> 0 for all values of 2 between 
0 and 1.* 

Hence 


q= + (4b—a?)* (58) 


is real; and Kq. (57) may be integrated to give 


— 


5 In (p? + ap +b) — (a/q) tan HPxe Heyy), 
(59) 
The constant D may be fixed from the boundary 
& 
conditions T7=Ty, when p=T?dT/dx=0, giving 


D=In Tp — (a/q) tan— (a/q) + Ind. (60) 


* Comparison of the present work with similar but in- 
dependent work of M. G. Harnes [11] has revealed that 
use of the transport coefficients derived by W. MARSHALL 
[12] leads to 4b—a? <0, and this implies an inward heat 
flux at the cathode. Thus there appears to be a discrep- 
ancy between the Marshall and the Spitzer and Harm 
transport coefficients. As yet, the source of this dis- 
crepancy is unexplained. 


Tm can be determined by considering the behaviour 
of Eq. (59) in the vicinity of the electrodes where 
T’—0, obtaining the total heat flux outwards from 
the tube and equating this to the electrical power 
dissipated. Since at the electrodes, the heat flow 


a 3 
Q=—K,T?dT/dx remains finite, p=T?dT /da 
must tend to + >0 at one electrode and —co at the 
other. At the first electrode we have 


a 


In p?= D+ a 5 ; (61) 
and at the second electrode 
In (— pT)= D =i : = : (62) 


The total heat dissipated through conduction is thus 


wae a « ; F ), 1 Re 
2h ,e” cosh (“ : 3 = 240, j-(1 a - a) (63) 
which simplifies to 
1 
et tan * r — € @% iE e 
m= coshrnpa V8 ek =) 


where r = a/q. 

Thus the results agree with those for the situation 
in which thermoelectric effects are neglected with the 
exception of the factor [exp (r tan—7)]/cosh (x 7/2) 
which tends to 2/e for r +co and to 1 as r +0. 
Substitution of a value 0.3 for A, and values of «%», 
6, from Spitzer and Harm [10] leads to a value of 
ry ~0.41 when [exp (r tan—!7)]/cosh (x 7/2) becomes 0.97 
which is negligibly different from its limiting value 1.0. 


5. Discussion 


Before making any statement of the general con- 
clusions reached it is important to consider some of 
the underlying restrictions. 

First, the model only applies fully when equi- 
librium is attained between ions and electrons. Before 
this state is reached, however, the model will still 
apply approximately so long as we consider the 
temperatures involved as electron temperatures. 

Second, the only loss mechanisms we have con- 
sidered are bremsstrahlung radiation and axial con- 
duction. Many other processes are in fact possible 
and may be dominant under suitable conditions, 
see, e.g. Tuck [13]. 

Third, it must be remembered that all previous 
deductions have been based upon macroscopic 
equations which are dependent for their validity upon 


“the condition 


UL GCBs 


ae CM 


where X is any macroscopic variable and / the mean 
free path. For the macroscopic variable X = 7" it is 
a simple matter to show that the above condition is 
equivalent to the fact that the rate of transport of 
heat energy must be very much less than the velocity 
of sound in the medium. 


LOSSES IN A STABILIZED PINCH 


Also this condition, Eq. (65), is a necessary condition 
for an approximately Maxwellian distribution of 
velocities to be maintained locally; it should be re- 
membered however that the well-known “Langmuir 
Paradox” deals precisely with the situation that a 
Maxwellian distribution of electron velocities is found 
experimentally to exist in situations where Eq. (65) 
fails to hold, see Gasor, AsH and Dracorr [14]. 
Thus the condition may be too stringent. 

In general, the condition of Eq. (65) cannot be 
satisfied throughout the entire length of the tube. 
Thus for temperatures sufficiently small, ie. 7’ <7”, 
the above condition will be violated. Our previous 
results have been derived assuming Ty > 7'”~105 °K, 
where 7’” is that temperature at which a high degree 
of ionisation is. possible. 

It 7”’<T" the violation of Eq. (65) will only occur 
in regions near the electrodes where ionisation is 
incomplete and the uncertainty introduced is no 
greater than through the neglect of sheath effects. 
Even if this condition is not satisfied, providing that 
Tm>T’, then Eq. (65) will be satisfied over the 
major part of the length of the tube and again it 
might be anticipated that the formulae will hold 
unless conditions are dominated by the neglected 
effects in the neighbourhood of the electrodes. 

As regards the importance of thermoelectric pheno- 
mena, when the discharge is principally conduction 
cooled (as is likely in stable linear pinched discharges 
of current interest) the chief thermoelectric effect is 
to replace the unmodified thermal conductivity A’ 
by the modified Ay and to slightly reduce the tempera- 
ture reached for a given voltage across the tube. In 
addition the original symmetrical distribution of 
temperature and density in the tube is replaced by 
an asymmetrical one. The precise form of the distri- 
bution and the modification to the formulae for 
current and discharge cross-section would require an 
integration of Eq. (59) but it seems unlikely that 
previous results will be changed drastically. 

Within these limitations, we may draw certain 
conclusions. First, in nearly all circumstances the 
main loss from a linear pinched discharge is likely 
to be from thermal conduction. In order that this 
should be so the following condition must be satisfied : 


8 3 


1 { Bo\*® | 42 Bench" oy 4? 
Z* \ By Cy 147 & 9 Ko 


) 25,062.68) 


In these circumstances the highest temperature that 
can be reached, taking the thermoelectric effect to 
be negligible, is 

Tm = 4.6V VA(1 + Aju) 10°°K , (67) 


V being the voltage across the tube. 
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LONGITUDINAL OSCILLATIONS IN A NEUTRALIZED ELECTRON BEAM WITH A 


BOUNDARY 


M. YOSHIKAWA 


DEPARTMENT OF PuHysics, UNIVERSITY OF Tokyo, Toxyo, JAPAN 


Longitudinal oscillation of a neutralized electron beam with a boundary in a strong axial magnetic 
field is discussed. The beam is assumed to be cylindrical and to be confined in a conducting cylinder, 
or to be planar and to be held between two conducting plates. A sufficient and, in some cases, 
approximately necessary condition for stability is obtained. To be stable, the beam current should 
be below a certain value which depends on the electron velocity, the ratio of electron to ion mass 
and the geometrical dimensions of the beam and the conductor. The validity of the approximation 


is also studied. 


1. Introduction 


In this paper we shall consider longitudinal oscilla- 
tions in cylindrical and planar electron streams 
neutralized by positive ions in the absence of collisions. 
Many authors have discussed similar problems for the 
case of infinite streams, taking into account the 
effect of thermal motions in the Boltzmann equations 
[1, 2, 3]. Their results show that, unless the energy of 
the thermal motions is comparable to that of the 
ordered motions, the system is unstable with respect 
to oscillation. This self-excited oscillation may prevent 
production of electron beams of high intensity although 
the oscillation may also be advantageous from the 
thermonuclear point of view in that oscillations of 
ions are stimulated and their random energy raised. 

The case of bounded streams may be of particular 
interest as the situation is really true in plasma 
betatrons [4], high intensity accelerators of neutra- 
lized electron beams, in the some thermonuclear 
machines. 

For tractability we shall hereafter neglect the 
random motions of electrons and ions and_ shall 
assume that the beam holds a strong axial magnetic 
field within it and that the magnetic field produced 
by the beam itself is negligible. In what follows, a 
stability criterion will be derived and discussed. The 
criterion states that the longitudinal oscillation can 
not be excited spontaneously if the beam current is 
below some critical value which depends on experi- 
mental conditions. The validity of the above assump- 
tions will also be discussed. 


2. Dispersion relations for the cylindrical case 


We consider a uniform cylindrical beam of neutra- 
lized electrons. The beam has a radius d, is streaming 
along a strong axial magnetic field and is enclosed in 
a conducting cylinder of radius D. The intervening 
space (d<r<D) is assumed to be vacuum. Using 
cylindrical coordinates coaxial with the cylindrical 
beam, we can find a stationary state of the neutralized 
beam. This state is characterized by the velocity 
Wor (TO pe components=0, Vee0, Vo); the velocity 


of ions Yio (0, vieo, 0), the partial pressure and the 
density of electrons pe, and mo, the partial pressure 
and the density of ions pio and no, the electric field 
E, (Ero, 0,0) and the magnetic field B, (0, Bago, 0). 

In order to investigate the behaviour of the beam 
for small deviations from the stationary state we 
expand these quantities to the first order. The first 
order approximation for the electron velocity, the 
ion velocity, the density of electrons, the density 
of ions, the electric field and the magnetic field are 
to be denoted by 


Ve(Ver,Ve,Vez), Vi (Vir,Vi, Viz) Ne,Ni,K( Hy, Ho, Lz) .B(B,, Bo, Bz) 


respectively. Some of the basic equations are closed 
in themselves, which are given (in MKS units) by 


C4) 4) 
mey? (5, + 057) Yer=—e Be (1) 
00; ; 
ti =e He (2) 
ONne ONe OVezr _ 
ot "0 Bz "0 Oz =a (3) 
Oni O Viz 
‘ = 4 
ee Cea (4) 
Ole OB, . 1 OB 5 
6z0r 022 Cc Ob == (5) 
OH, 108, OH, 
Ozor ' r Oz Or 
1 0Ez 1 HE, Otz 6 
r Or Cette mot (6) 
—€ Np Vez — ENe Vg + ENy Viz =tz (7) 


where we have assumed that the deviations are in- 
dependent of §. As for the case when they vary as 
eim9 some discussions are given in Section 4. Here 
i. is the z-component of the current of the first order 


1 
and y means, as usual, (l—v,?/c?) *. jand e represent 
permeability and dielectric constant of vacuum. 
In the right hand sides of Eqs. (1) and (2) the 
terms —€Ver Boo teveoo Br and + evir Boo, respec- 
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tively, have been omitted in assuming that the 
magnetic self-field of the beam is negligible. This 
means that the pressure peo+ pio is also negligibly 
small. Consistently, we shall assume that the energy 
of the random motions of electrons and ions is much 
smaller than the energy of the unidirectional fmotion 
of electrons. Also in the left hand sides of Eqs. (3) 
and (4) we have dropped the terms 7» 0ve+/Or and 
Ny Ovj,/Or, respectively, keeping in mind that the 
axial magnetic field constrains the ions and the 
electrons to move along the lines of force. 

Now we study a normal mode that varies with ¢ 
and z as exp (iwt—ikz). Substituting this into Eqs. (1) 
to (7) and rearranging, we obtain an equation for 
the amplitude of the axial component of the electric 
field, 


id 3 fs N= 0, (8) 
r ar dr 
where 
2 4-3 2 

Pye SANT Ie ai Cpis 1 9 
3 (ow — kv)” "  @ : (9) 
k’2?—= k? — (Jc)? (10) 
Oo — ae Ope = bes (11) 

ee Ee Re eMe 


In vacuum (d<r< D) it follows 


il dH, 


ry ar dr 


ki? Hz=0. 


The solution of Eq. (8) is J, (k’sr) and the solutions 
of Eq. (12) are linear combinations of I, (k’r) and 
K, (k’r). Furthermore, boundary conditions are 


Hz(D)=0, (13) 

Ez (d+0) — Ez (d—0)=0, (14) 

d Hz (d+0) dHz(d—0) _ 6 
dre dr = 0k uD) 


The first and the second conditions imply that parallel 
components of the electric field are continuous at 
the boundary; these can be generally derived from one 
of the Maxwell equations. The third condition is to 
be deduced from the consideration that in case of 
pure longitudinal oscillations there appears no surface 
current at the boundary (r=d) of the beam. 

Finally, substituting the solutions of Eqs. (8) and 
(12) into Eqs. (13), (14) and (15), we obtain a dispersion 
relation for the normal mode. Introducing new para- 
meters: 


Gee i ke DS =n ant (16) 

the dispersion relation becomes: 
JAS) Ko(X) 1, (@) + 1, (X) Ky (ay Ee 
Ss 1 =F 0 al 0 1 a 4 
Ty (8) * Ty (X) Ky 2) — Ky (X) Ly (0) Borey 


Roots of Eq. (17) are many-valued and we denote 
them as S (X/x, X;j), where the magnitude of the 
roots increases as j7=1, 2, ... and so on, corresponding 
to the number of loops of Hz in the radial direction. 
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Fig.1 S(D/d, kminD; 1) versus kmin D for the 
cylindrical case. This characteristic parameter should 
be used to obtain stability conditions in Eq. (21). 


S (Did, kD;1) with k= kmin (see discussion of 
Eqs. (20) and (21)) is shown in Fig. 1 for the cylindrical 
case and in Fig.5 for the planar case (which we 
shall treat in Section 3). The curves are shown as a 
function of kD, regarding D/d as a parameter. The 
values chosen for D/d are 1, 2, 10 and 100. kD can 
range from 0.1 to over 20. In the cylindrical case 
S (D/d, kD;1) is a slowly varying function of kD. 
It can be seen from Fig. 1 that the largest value of 
d(log S)/d(log kD) is about 0.2. The dependence be- 
comes stronger in the case of the planar beam, see 
discussion in Section 3. Nevertheless the maximum 
value of d (log S)/d (log kD) for a wide range of 
parameters is 0.5 or less. Therefore it follows from 
Eq. (16) that, for a fixed value of D/d, the quantity s, 
which is S (D/d, k’ D;1)/kd, is a monotonously de- 
creasing function of kd because of the predominating 
dependence on the kd in the denominator. 

The dispersion relation composed of Eqs. (9) and 
(17) can be solved by graphical manipulation as 
follows. We write down the dispersion relation in 
the form of 


S2 (Did, k’ D; §) 


les k’2 d2 * 


G=1p 2scne) 


We shall plot the both sides of the equation as func- 
tions of w for fixed values of D/k, d and D. We have 
shown in Figs. 2 and 3 two typical figures; the former 
has four real roots (stable case) and the latter has two 
real roots and two (mutually conjugate) complex 
roots (unstable case). The critical case, when we have 
two single real roots and one double (real) root, 
defines a boundary that separates the stable region 
from the unstable region in parameter space. This 


_ ope? y? 


Opi 
(o— ky to? 


@ 


(18) 
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Fig. 2 Graphical method of solution is indicated 
schematically. The solutions are defined as the inter- 
section points of the curves corresponding to both sides 
of the dispersion relation, Eq. (18). Curve A is a plot 
of the left hand side of Eq. (18), curve B the right 
hand side and curve C the right hand side with k’ re- 
placed by k [see Eq. (18a)]. In this figure there are four 
real roots (stable case). 


can be obtained graphically without much trouble 
using Figs. 1 and 5 to obtain S (D/d, k’'D;1). Here we 
have taken 7=1 because waves with higher values of 
7 are more stable; this is so because in general 
Sid, kD: 4>1)>8 (Did, kb D;1) holds. 


0 kVo ke 


Qo-, 


Fig. 3 Graphical method for an unstable case. The 
curves are labeled as described in the caption for Figure 2. 
There are two real roots as intersection points. In addition, 

_there are two complex conjugate roots. 


However, it would be quite convenient if we could 
have a simpler solution of the dispersion relation. 
Now we can derive a sufficient condition for the 
stability. As shown in Figs. 2 and 3, when k’ in the 
right hand side of Eq. (18) is replaced by k, this 
side corresponds to a straight line parallel to the w 
axis and is constantly below the original function 
1+[S? (D/d, k’ D;1)/k’ 2d?]. Therefore if the equation 


2-8 2 SUD KGL, LIDS A 
(@— kv)? + 2 a ss a (18a) 
has four real roots, the original Eq. (18) also has four 
real roots. The sufficient condition can be derived if 
we note that the minimum of the left hand side as a 
function of @ is equal to 
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for all k. 


In this connection, when Mey? < mi, 
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is a small quantity and the former stability condition 
can be regarded as an approximate necessary con- 
dition, where w,. and k, are the values associated with 
the equality sign in Kq. (19). 

D and d are parameters that characterize an 
experimental device. So is kmin the minimum value 
of k, if we apply a periodic boundary condition in z. 
It turns out by numerical calculation that for fixed 
values of D and d, wy (D/d, kD) and consequently 
S (D/d, kd;j) decrease monotonously as k decreases. 
Therefore the sufficient condition for the stability of 
the j-th mode becomes 


2 27 
S? (Did, kmin Ds 7) bes oy er Opi 3 | 


Pete ya hn 2 2 
Femin? d k? vy 


MV 


Inequality (20) is satisfied when and only when 
inequality (20) for j7=1 is satisfied. Introducing a 
dimensionless parameter, v= (7 d?)(%» 79) where ry is 
the classical radius of electron e?/4 7 eme, Eq. (17) for 
7=1 becomes 


v< + (8? (D]d, kminDs 1) + bmnin? 
Lo =e 
1 hig? \\W 9 
6 dees rae eae” 
S (D/d, kmin D;1) as a function of kminD for typical 
values of D/d is shown in Fig. 1. When kminD ap- 
proaches zero, S (D/d, kminD;1) tends to a finite 


value S (D/d, 0;1), as shown in Fig. 4. Furthermore 
S (D/d, 9;1) has the following limiting properties, 


S(D/d, 0; 1) +2.405[1—log (D/d)], {log(D/d) +0} (22) 


S(D/d, 0; 1)> Feoce * , {log (Did) 601 (23) 


Hence, the sufficient condition for stability for 
kerin D*< 1,18 ; 
1 Me y® ag © 
1.45 [1 —2log (D/d)]7* (1——5}|1 +("2F } | = 
(24) 
log (D/d) <1, 
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1 
1 Mey? OF s aye 
0.5 [log (D/d) |~" (1 =u | [1 =r (“er | >y (25) 
x i 
log (D/d) >1. 
2 
0 ail Ss SS 4 
1 10 10? 10° 10° 
0/4 —> 


Fig. 4 S (D/d, 0;1) versus D/d for the cylindrical 
case. This characteristic parameter should be used to 
obtain stability conditions in Eq. (21). 


3. Dispersion relation for the planar case 


For a planar neutralized electron beam of thick- 
ness 2d between two parallel conducting plates 
separated by 2D, where D>d, a dispersion relation 
similar to that for the cylindrical case can be obtained : 

Stan S = x cot (X — 2). (26) 
We can proceed as before and have only to present 
S (D/d, kminD;1) and S (D/d, 0;1) in Figs. 5 and 6 


D/d=1 
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Fig. 5 S (D/d, kin D; 1) versus kyin D for the planar 
case. This characteristic parameter should be used to 
obtain stability conditions in Eq. (21). 
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Fig. 6 S (D/d, 0; 1) versus D/d for the planar case. 


This characteristic parameter should be used to obtain 
stability conditions in Eq. (21). 


respectively. Eq. (18) holds good in this case and 
instead of Eqs. (19) and (20) we have, for kiyinD? < 1: 


1 


0.62{1—-2[(D/d)—1]} (1-y*) v2 {1 +(™er)" \ — 


mj 


(27) 
(Did) —1€1, 
3 = a 
0.25 (Did) (1—y-*) y*{1 +(e) "} > (28) 


(D/d) >1. 


4. Discussion 


In Section 2 we assumed that the field E is uniform 
in the azimuthal direction. We can proceed as before 
when it varies as exp (im). Also we may assume 
that the field changes in the direction parallel to the 
conductor plane and normal to the direction of the 
static magnetic field. Then similar dispersion relations 
can be obtained, but they are, as numerical calcula- 
tions show, less restrictive conditions than Eq. (21). 

The stability criterion Eq. (21), is not a very severe 
restriction on a device of usual scale when the beam is 
relativistic. As y? [1+ (mey?/m;)"/3]-8 is an increasing 
function of y with a value between [1 + (mme/mj)/3]-3 
and (me/mj)—, an electron current of hundreds of 
thousands amperes can flow without causing the 
instability. When the beam is non-relativistic, the 
effect of the conducting wall can no longer stabilize 
the beam and y decreases as S?/2/4. 

In Section 2 we have neglected —e (ver Boo —veoo Br) 
in the right hand side of Eq. (1), evjr Boo in the 
right hand side of Eq. (2), v9 Gver/ér in the left side 
of Eq. (3), and m9 dvjr/Or in the left side of Eq. (4). 
These simplifications, which are correct when the 
axial magnetic field is infinitely strong, have been 
convenient for us in extracting pure longitudinal 
oscillations and in studying the two-stream instability 
in a neutralized electron beam with a boundary. 
Without these assumptions the longitudinal oscilla- 
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tions would naturally couple with transverse oscilla- 
tions and the resulting dispersion relation would be 
much more complicated. In this connection, the 
conclusion reached in Section 2 and Section 3 should 
be altered for frequencies in the vicinity of the fre- 
quencies of the ion and electron cyclotron waves. 

It is difficult to express in a closed form how far 
the simplifications can be justified. Accordingly, we 
take two typical cases that can be treated analytically. 
The first case is when k--0 and the second is when 
k=ke, where k, is defined by Eq. (19). The former 
is significant for the reason that the two-stream 
amplification is more dangerous in the long-wave 
limit. Using new parameters, 


P=ce/Ope (29) 
q= (dc) wpe (30) 
= Me/M; (31) 
b= Boo/ Bzo (32) 
Woe = (e/me) Bzo (33) 


and further assuming for simplicity 


S2 

a (34) 

Dhow ayaes 2 
73 S2 Pa B2 > S2 <1 (35) 

d* opi? qu 
Ste — pest <1, (36) 

we obtain 
2 
tele JAP) tot), te 2 Mey 
8 vez[0z | |W E (1 prt oS ' pp |< 
(37) 
Ovjr/Or| | 1 By? S? 1 38 
OVjz/0z ey gue < (38) 
Y Bp? 
b pF y? 14 
oe ae rere ee Ey 2 150) 
#H a B2 v2 Or 
7 ws (1— =| | 

pu 
Ver Boo bp OverlOr an 
Ez | | 73!? Gve2/0z <1 (40) 
vir Boo bpqu Ov;,/[Er | qi 
Ex BS du,/02|< (41) 

Me 

gt days Gi Bee 49 
ae le Sp? 9p? ps" ae 


These inequalities can be satisfied by an infinitely 
large p. It follows further that g, and therefore d, 
cannot be made arbitrarily small and that in this 
limit p? should be much larger than y?/(q2u2). 

In a contrasting case when k? = k,?, that is, when the 
system is near the critical thershold of stability, 
we obtain, 


satya ~ vhar(l arya + By?) —n' py\ <1 
(43) 

Sacpal~ pgtety <o (44) 
Ee (t— ptt ate? — Elle (as) 
aire (46) 
Va1—- + fry?) (47) 


i 


4 
where we have assumed y° w<1, p?u* y>1 and 


oy 
By® S/q<1, in order to yield a brief result. These 
relations are again satisfied by an infinitely large p 
and do not hold when q is arbitrarily small. 
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RADIATION FROM A MODULATED BEAM OF CHARGED PARTICLES 
PENETRATING A PLASMA IN A UNIFORM MAGNETIC FIELD 


E. CANOBBIO * 
Max-PLanckK-InstiruT FUR PHysik UND ASTROPHYSIK 


Mitncupn, FeperRAL REPUBLIC OF GERMANY 


The radiation from a density-modulated beam of ions, which penetrates a plasma perpendicular 
to a strong magnetic field B,, is investigated in two simplified situations: (a) the beam is an 
infinite plane parallel to B,, and (b) the beam is an infinite cylindrical surface parallel to By, 
the radius of the cylinder being the gyroradius of the beam particles. This latter beam can be 
ideally constructed by injecting into a plasma a linear beam, modulated at a frequency which 
is an integral multiple of the gyrofrequency of the beam particles and incident in a direction 
which forms a very small angle with a plane perpendicular to By. 

In both situations some resonances of the Poynting vector are found. The resonance, which 
occurs when the modulation frequency is equal to the “‘ion-resonance”’ frequency, is specifically 
investigated, taking into account the finite electric conductivity of the plasma. It is shown that, 
under appropriate conditions, the beam-plasma interaction at this resonance becomes very strong. 


1. Introduction 


The radiation from an intensity-modulated beam 
of ions directed into a plasma in the presence of a 
strong magnetic field, constant in space and time, 
has recently been investigated by KippENHAHN and 
DE Vries [1]. The investigation was made in con- 
nection with the problem of the injection and heating 
of a plasma. Kippenhahn and de Vries considered 
modulation frequencies sufficiently low, plane beams, 
and infinite electric conductivity of the plasma. They 
found that the energy loss from the beam is always 
negligible, except when the velocity of the beam 
particles is equal to the Alfvén velocity. 

In the present paper we provide an extension which 
is useful in all ranges of frequencies and takes account 
of the curvature experienced by a two-dimensional 
beam in an external magnetic field. We show that 
the resonance of the kind found in [1] is practically 
destroyed by the beam curvature, but that other 


infinities occur in the Poynting vector at particular Values of the modulation frequency. By taking into 
account the finite electric conductivity of the plasma, 


the peak value of the energy loss from the beam at 
the “‘ion-resonance’” frequency is determined and 
briefly discussed. Such a peak value has, in many 
practical situations, a great order of magnitude and 
is @ maximum when @,? is of the order of @; We. 
The beams here considered are: 
i) an infinite plane parallel to the strong magnetic 
field By, constant in space and time (Fig. 1). 
ii) a cylindrical surface parallel to B,, whose 
radius is the gyroradius of the beam particles 
in By (Fig. 2). 

y We assume that all the ions in each beam travel 
perpendicularly to By with the same speed, that the 
velocity is not modified by the interaction with the 

Fig. 1 The plane beam. plasma and that the plasma is infinitely extended. 


Fig. 2 The curved beam. 
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Two-dimensional beams are considered here, as in 
the paper cited above, because of the great simplicity 
attained when beam and plasma oscillations have 
the same simple symmetry*, 

The beam of the case ii) is ideally constructed by 
injecting into a plasma a linear beam, modulated at 
a frequency which is an integral multiple of the 
gyrofrequency of the beam particles, in a direction 
which forms a very small angle with a plane perpen- 
dicular to By. 

The plane beam radiates by Cerenkov effect, i.e. 
only when the ion-velocity is greater than the phase 
velocity V—=c/n of the waves in the plasma; on the 
contrary, the cylindrical beam can radiate also when 
this condition is not fulfilled, because of the curvature 
of the trajectories of the beam particles. 


2. Basic equations 


Consider now the following linear, nonhomogeneous 
system of equations [2], [3]: 


ceurlB =E+4+ 4x (j + jo), (1) 
ecurl FE = —B, (2) 
lhe 

Get = 5) By, (3) 

cieerd ; : 
= ji +yj) =E+ i. vx B+ i) vy, (4) 

Op i . 

div B= 0, (5) 
div E = 4x (€ + €4) ; (6) 


where B and E are the magnetic and electric fields 
respectively, j and j, are the electric current density 
of the plasma and the beam; V, 09, wp are the velocity, 
unperturbed mass density and frequency of the plasma; 
y is the mean collision frequency between ions and 
electrons in the plasma and e is the charge of the pro- 
ton; me and m; are the electron and ion masses res- 
pectively. For simplicity, Eq. (3) does not include 
the pressure term. Eq. (6), where ¢, is the electric 
charge density of the beam, is only a definition of the 
electric charge density ¢ of the plasma and will not be 
used in the following. The solutions of Eqs. (1), (2), 
(3), (4) and (5) which describe the fields radiated from 
the beam are obtained from the general integral by 
assuming “‘Ausstrahlungsbedingungen”’, i.e. discard- 
ing fields which propagate from infinity towards the 
beam. In the plane case we chose Cartesian, ortho- 


gonal coordinates (a, y, z) such that: 
, B = I5, ez 
(7) 
j= (x) (1, + Letty] ey, 


where 6 (x) is Dirac’s function, the constants J = New 
and J,—N,ew are the modulated and unmodulated 


* The only linear beam which has simple symmetry 
propertiesi.e.,a beam parallel to Bo, will be studied in a 


future paper. 
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surface current densities of the beam, respectively, 
and w—=«/l is the velocity of the particles in the beam: 
N,>WN and N are positive real numbers; «w, | are 
positive and real. 

In the cylindrical case we introduce cylindrical 
coordinates (r, 9, z) such that: 


LS Taper 
and (8) 
Jo =0 (r — B) (LZ, + Leiltmé— 0) Gas 


where m is a positive integer and w@=m Mg; Wg= 
=e B,/Mc is the gyrofrequency of the beam particles, 
whose mass is M; the radius of the beam is R= w/we 
and, as in the plane case, [=New and I,=N,ew. 


3. The plane beam 


In the reference system introduced above we look 
for solutions of Eqs. (1), (2), (3), (4) and (5) which are 
independent of z. 

If B, is a time-independent perturbation of the mag- 
netic field, we obtain 


9 - 
B= |—« (2) — I, + const. | ez, (9) 


where « (a) is equal to 1 if x>0, and —1 if «<0. 
We set the constant equal to zero and suppose that 
(27/c) 1, < By, so that the steady magnetic fields 
on the left and on the right of the beam are ~B, 
and we can neglect B, in what follows. 
Now we look for solutions of Eqs. (1), (2), (3) and (4) 
of the form 
B= Bige.ty— os. (10) 
and analogous expressions for E, j and v. In this way 
Eq. (5) is identically satisfied and the system Has. (1), 
(2), (3) and (4) separates into two independent parts. 
The first one contains only the components Bx, By, 
Ez, jz and vz and may be reduced to 
Ez" (x) + (Ku? — I?) Hz (x) =0, (11) 
where Ky? = (wnp/c)? and ng? = 1 —[@p?/(m? +7 a)] is 
the square of the Eccles refractive index. The second part 
determines Bz, By, By, jx, jy, vx and vy and is reduced to 


Be" (a) + (K?—P) Be (x)= —** I[8' (a) —1a6(a)], 
(12) 


where K2=(wn/c)? is the square refractive index, 
found by Lisst [4] for plane waves in a plasma with an 
external magnetic field: 


Op? (@j%e+op2-w?-1yo) 


ties | (wjoe-w? -iya) (je + Op?—@2-iyw)—0? (@e—04)? i 
and (13) 
1o) Wp” (Me-a}) 2 (14) 


~ (wj@e-@? iyo) (@j{@e+Op?-w*- iyo) -@ (Me-@})?’ 


Eq. (11) describes perturbations independent of the 
beam. They are either waves propagating from 
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+ co to — oo (or reciprocally), if Ap? is real and greater 
than /2, or monotonic unbounded functions, if Ay? is 
real and positive but smaller than /?, or a product of 
such kinds of solutions, if Ay? is complex; so we choose 
the trivial solution #.—0. It then follows: 


Be By = de Vz () 7 


On the contrary, when we impose w> V (a restriction 
analogous to Cerenkov’s condition) and the “‘Ausstrah- 
lungsbedingungen” on Eq. (12), it then supplies the 
magnetic field radiated from the beam: 


Bz (x) =0(—a) bye ~iVK*- Px 4 (x) bei VR?—P*, (15) 


where 0 (x)=1 if « >0, and 0 if « <0. The constants 
b, and b, satisfy identically the equation: 


(—b,e-iVK*—Px + bei VK?— Px) §! (7) 
+2iVK?—B (6, +b,) 6 (x) =— = 16" (e) lad (a)). 
(16) 
Remembering that 
f (x) 0° (x) = — 6 (x) f/ (2), 
provided that 


we get 

bb ST, IVP 6,4 b= =? Tia, 
and (17) 
Be (2) =- => Fee t-0(-2) [VEX Pile] eV RFs 


+0 («) [VK?-P+ila]eiVK-Px) (18) 


Then from Eqs. (1), (2), (3), (4) and (18) we obtain 
Eq. (19), see bottom of page. 


We are interested in the time-mean value of the 
energy flux, given by the real part of the complex 
Poynting vector [5] 

§ — — Re (Ex B*), (20) 
8r 
where B* is the complex conjugate of B. 

In the remainder of this Section we shall consider, 
for simplicity, a non-dissipative plasma i.e. we will 
put y=0, and we shall study Eq. (20) only in the 
frequency regions in which 7,”, defined as 


Mp2 (@j Oe + Op?-o?) 
Pp Al Seed 2 aL © 


(@jMe—w2)( We + Op2-w?)—0( We-0})?” 
(21) 
is >1 in the other regions; there cannot be energy 
propagation: this fact is obvious for nm)” <0. If, on the 
contrary, 0<n,<1, we still assume that the energy 
flux is equal to zero due to the fact that the waves are 
monochromatic. In this way we find: 


n=n*(y=0)=1+4+ 


T a T \2 K?—/? (1 — «?) 
Ch ane <x} AS sia) 
Dx é ( ) y (sz WTAE > 
Wa rol IT \2 K?—((1 —a?) Fe 
ee cK ke _P ; (22) 
Sz= 0. 


As a Cerenkov radiation, the vector S, as all other 
quantities, is independent of the mass of the beam 
particles; but we have to keep in mind that in a magnet- 
ic field a beam, carrying a given charge and current, 
may be considered as a plane beam only when the 
masses of its particles are very large. 

The Cerenkov angle § between the vectors § and w 
is given by 


Sx/Sy=e (a)V K2/2—1 =e(x)V w?/V2—1=tan8. (23) 


Hence the energy propagates with the velocity c/n 
in the two directions which form angles 6 and —4 
with w. 


{-6 (-a) [0 (1-0?) VK?-2-ia K2]¢~iVK*—Px 4 Q(x) [U(1-o2)VK?-P+ in K2Jei VK*— Px}, 
[2 (1 — a?) — K®] [0 (— 2) e-iVK*—-Px 4 6 (@) ei VP Pe]; 


{0 (—2a) (ila —VK?— P) [1 (1 — ng?) +ia VK? — P| e-iVK-Px 


+0 (x) (ida + VK? —P) [1 (1 — 1,2) —iaV K? BP] ei VP a} 


+ 0 (x) (ila +VK?— 2) [la +i(1—n,2)VK? — P] ei VB x} 


2n1Io 
aS 
(cK)*/K2— 2? 
Hye 2x1Iw ; 
Kk? — >? 
j _ —il 
2 ng/K? — 
j - —TI 
e 2 2/ K? iP 
eh op. 
Ux CQ) dys 
i) —1B, - 
a CQ9@ ee 


(0 (—2) (ila—V K?—P) [la — i(1 — ng?) VK? —P] e- iV =P x 


9.4 


(19) 


Tn order to discuss other properties of Sx, it is con- 
venient to use the form: 


ice =s (2) ™ (=2/ wv (ee ve = a”)) 


2\¢ Va — V2 


(24) 


“ 


and to express 7,2 and « by means of the dimensionless 
parameters 


2 2 .)2 ae 
a s.8) Po Ob - i (®e — oj) ee ies (25) 
O} We 4 We Ml Oj We Me 
The results are 
j x/u— (l—x-+o)? 
ee eG) (26) 
x%/ w— (l—x +o) (1—~x) 
and 
~ — oV x/ 1 (27) 
x/ pe — (l—x%-+o) (l—x) ~ 7 


It appears from Kq. (24) that in addition to the reso- 
nance for w= V, which is of the kind found by Kippen- 
hahn and de Vries, S, has infinities in the resonance 
frequencies of n?, (and of « consequently), resonances 
which have already been studied by K. K6rpeEr [6]. 

When o<1, n,? has poles at x~u and x~1/u; 
when o>1/u the poles are at x~1 and x~o. In 
Korper’s terminology the resonances at x~m and 
x~l1 are “‘ion-resonances”’; those at x~Il/u and 
x~o are “‘electron-resonances’’. The last case, x~o, 
will not be considered because in the immediate 
neighbourhood of o there are also the two zeros of 
ti 

Supposing now w> VJ, in the first three cases we 
have the following simplified expressions for Eq. (24): 


a) when o <1 and Se SS il. 


aS 
2 


Se € (2) 5 (Ne)*e(—2*_} (28) 


p—%* 


bo! ri 


b) when o > 1/u and wo (1— xz) <1, 


x <0 ’ | 
eo aap |?) 
c) when o < 1 and —— >1 
(1/u) —* 4 
- _ ; 1 | 
Sx ~ € (x) oy} (Ne)? c a (30) 


Note that all these expressions are independent of 
the velocity of the beam particles. 
Outside the resonances of n,? we consider two ex- 

- treme regions: 

a) Very high frequencies, i.e. x > Max (a; 1/y): here 
S,, has to be assumed equal to zero, because of the 
inequality n ?~1—(a/x) <1. 

b) Very low frequencies, ie. x< Min [1; w(1+o)]: 


here we get 
(on | “| o y| 
ee tS 


Jw—[e(o+l] 
(31) 
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In the case o>1, i.e. for high density plasma, this 
expression has already been found in [1]; it gives an 
extremely small energy loss from the beam far from 
the resonance w=V. For instance, when x<1 it is 


a? <I1/u; then S, becomes: 


(32) 


the mean relative energy loss of an ion per cm of path 
6, E/E, given by 


2 Cc 


m = Te \2 5277 
Sx < (x)= (-S ua, ; 
i 


a 
EB Whe 


1 

fs 
ae 
2 


(33) 
N, 


is, in the case N=N,, smaller than ¢ (x) (1/m) ri x 
N (V/w), where rj=e?/Mc? is the classical ion radius. 

For a deuteron beam with N~108 cm~*, 6,#/# has 
an extremely small value: 10-4 V/w cem-t. 

Unfortunately, measurable radiation cannot be 
obtained even in the resonance of Eq. (24) at w= V, 
as we shall see in the next Section, because this kind 
of resonance is destroyed by the curvature experienced 
by the beam in By. Appreciable energy might therefore 
be emitted only in the resonance of ,?. We shall 
discuss this point in Section 5, including, partially at 
least, the effect of the finite electric conductivity of 
the plasma. 


4. The curved beam 


As in the plane case, we suppose (27/c) 1, < By and 
look for solutions of Eqs. (1), (2), (8) and (4) of the 
form 

Rs B (7) ei(md— wt) (34) 
and analogous expressions for E, j and vy. Then we 
satisfy Eq. (5) identically and get two systems of 
equations. The first one determines B,, By, Ez, jz 
and vz; because it turns out that they are independent 
of the beam quantities, as in Section 3, we choose the 
trivial solutions B,= By = H#z=jz=vz=0. The second 
system of equations furnishes the components Bz, 
E,, Eo, jz, jo, Vr and ve and reduces to the Bessel 
nonhomogeneous equation 


Leds ed rpm aneen 
a (r =e (r) i. (« Z |B. n= 
4x d 1—meo ays 
— 2 1 {5-6 (r—B) + "8 R)\ (35) 


where K?=(an/c)?; n? and « are defined by Eq. (13) 
and Eq. (14). 

In order to simplify the calculations and discussions 
we assume in this Section, as we have done for the 
plane case, that n?=n?,)>1, ie. that the plasma is 
nondissipative and that the energy can propagate. 

By using the “Ausstrahlungsbedingungen”’ and regu- 
larity conditions in r=0, we get the solution of 
Eq. (35): 


Bz(r) =0 (R—r) 6 J m (Kr) + 9 (r—R) b,H) (Kr), (36) 
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where Jm(Kr) and H (Kr) are, respectively, the 
Bessel and Hankel functions of the first kind. The 
constants b, and b, satisfy the equation: 

6 (r— R) 


[by HO( Kr) —byIm(Kr)] 


ak q -(b5 HY) (Kr)—b, J m(Kr)) 


a = (b,HO(Kr)-by I m (Kr))] 6 (r — R) 


= =" 1|8¢r 


c dr 


R)+ 1" 9(r—R)]. (37) 


If we proceed as in Section 3, we obtain 
2in?t 


Bz (r) = —- a {0 (R —r) hn (a, K RB) Im (Kr) 
+6 (r—R) jm (a, KR) A (Kr)! (38) 
where 
hn (a, KR)=maH(K R)+KR re hee (KR) 30) 
(3¢ 


im (a, KR)=madm(KR)+ KRIS! (KR). 


In the above equations the functions J,,’(A R) and 
H\)" (KR) denote the derivatives with respect to 
Kr of Jn (Kr) and H® (Kr), respectively, evaluated 
at r=R. The function 0 (x), defined previously, is 
unity for «>0 and zero for x <0. 

The other components follow from Eqs. (1), (2), 
(3), (4) and (38) and are given at the bottom of the 
page, in Eq. (40). 

The components of the real part of the complex 
Poynting vector (20) are: 


. Eqs. 


Now we consider (20) in the neighbourhood of the 
poles of n,?, where w> V and: 


i 
Ww 2V \2 7) 2m-+1 
V i ( zm I ee V 4 


By writing n,2 and « in terms of x, o and yw, as in 
(26), (27), we get the following approximate 
expressions : 


ds (m ad . (43) 


a) “Ton-resonance”’ region: ¢ <1, op/( ae 


1 


SP (B)~2n(We}*o( 24) ° cos?[m | on)? aa 
es [i j C \y-x 
(44) 


o>l1/u,on0—zxz)<l 


i 
wla\* 2m+1 
, COs -]m , (,".) ri r| 
(45) 
c) “Electron-resonance” region: og < 1,a/[(1/u)—*] > 1 


b) “Ion-resonance”’ region: 


S? (R)~27(Ne)?c— : 
opla(1—x)] 2 


A 


> E TaN em : 
S>(R) ~ 2x (Ne) elas | 


1 


(46) 


Séeaa2 lin w oO = 2m+1 
salle (irre ree |e 


These expressions, as functions of 7», have the form 


Cy Np COS? (Cy Mp + Cs) , 


= I\2-., a 
S, = 0 (r — ( Z| [jm (a, KR) |? — =: ; where c,, ¢, and c, are constants. When n,-oo, they 
- . have extremely rapid oscillations. Hence it has perhaps 
= = al {6 (R—r) |hm(« KR)? more physical meaning to replace them by the mean 
ake value in a period 27: 
S (2 Tn® (Kr) + 0, Km (Kr) Jn! (Kr)] ee 
C / f / 
+ 0 (rR) |jim (&, KR)? a | My COS" (Cy + C5) A(CyMq’) « (47) 
Re aft a ae 4-0 KH (Kr) HO (Kr) |} ; on 
In this way, if c,ny> 27, Eqs. (44)—(46) become: 
Sz— 0. (41) re 
As we are interested in the radiation close to the S? (R) ~ x (N ae( — | re (44a) 
beam we consider S, on the external side of the cylin- 7 
der surface r= R: SP (R) ~ 7 (Ne)? ¢ — : rey (45a) 
aor c 7\2 mw Ww > \eAe oO 1— 2 
8? (R)= (= meo|atn( "| aed w! (“ae le eee “S 
4 S?(R Ne)? c(—° 
By = 222 {0(R—r) h(a, KR) | In(Kr) +02 KI! (K —R) jn(a, KR) |™ HO (K 
i oN 2 m(X, ) WP m ( Kr) aie (as Fat m ( ")| a 0(7— R) Im(%, KR) [= HQ) (Ar) =A a KH! (Kr)\] 3 


Laie om {(0(R—r)hin(c a, KR) "=" In (Kr) + KI 'm(Kr)| +9 (r—R) jm (%, KR) E AY (Kr) + KH (Kr) } : 


a roe 
4 etl 
Jo ona? 

Weta re —iB 
i yt — 0; a 
oF ag, Jo 3 6 C OOo Ir 


{OR —ryhn(ce, KRY] Dr) — KS’ Kr) | +0(r—R) inf | HO" TO Kr) 0 KW (Ke) 


{0 (R—r) hm (a, KR) ("= "Im Kr)—K (%92L)J'n( Ker) | +-0(7—B) (a KR) [AD er) —K (ng? 1) HY (Kr) 


(40) 


In each of these cases, the radiation is just the sum 
of the radiation emitted from the two sides of the plane 
beam in the corresponding situations, Eqs. (28)— 
(30). 

With the exception of these cases, when R<co, 
S? (R) has no poles and satisfies the inequality : 


7 mt Ne V \2 } » \2 
S? (R) < (== oF Ie ! + See 


which follows from Eq. (42) by remembering that [7] 


Jim (x) | <= —— 
V 


Moreover, it is easy to see directly from Eqs. (42) 
and (43) that, when o>1/u, w> V and x<1l, ie. at 
low frequencies and high density plasma*, S? (R) 
has the same extremely small order of magnitude as 
indicated in Eq. (32). At very high frequencies, i.e. 
#x> max (o, |/w), S? (R) is to be considered equal to 
zero because V>c (see last Section). 

™ concluding this Section we want to verify that 
Eq. (42) goes into the equivalent equation for the 
plane case when R-->co. More exactly, we want to 
show that the same operation which transforms, in 
the limit Roo, the curved beam into the plane one, 
transforms S, into the z-component of Eq. (20). This 
can be done, provided we use in Eq. (20) a solution of 
Eq. (12)—where 6 (x) is replaced by 6 (a— R)—which 
doesn’t propagate in the region x < R, as in the cylindri- 
cal case; for instance, this could happen because of 
a “mirror” situated in an appropriately chosen plane 
“—a<hk. such a solution, valid for sa, is 


v2 


Bz(x)=6b,[—ei VP -P&—4) 4 6(R—a)e-iVK*—P@— a) 


+6,0(2—R)eiVK*-Px, (48) 


When the constants 6, and b, are determined as in 
Section 3, we obtain: 


ae 221 
VRE 


[—ei Vie ea) oy 6 (R— x) e~iV KP —a)) 


Bz (a) {(VK2—P— ila) et VE—FiR—a 


+ (VEAP + ila) e- iV =F RO (w— R) ot VF— Fah 
(49) 


For the x-component of Eq. (20), calculated on 
the side of the beam looking towards the positive 
_a-direction, we obtain the expression**: 


* In these conditions a density-modulated beam of 
electrons cannot be realized and in order to have a 
deuteron beam we must assume m of the order of unity. 


** Note that in the resonance regions of 7°, when 
ws> V, Eq. (50) takes the same form as Eqs. (44), (45) 
and (46) and that, when we calculate the mean value of 
these expressions as we did in Section 4, we again find 
the radiation equal to the sum of the radiation emitted 
from the two sides of the beam of Section 3 in the corres- 
ponding situations. 


RADIATION FROM MODULATED BEAM 


x {Vw V2 cos E Vw2—V2 (B= «)| 


+aV sin| - V w2— v2(R—a)|V (50) 


Now in order to transform the curved beam into 
the plane one, we put: 


R= m/l; Mm —> CO; Weylinder = Wplane = constant. 


Then, in the case w=V, we note that [7] the 
functions Jy (m) and Jy,’ (m) are positive decreasing 
functions of m and are given (for a sufficiently large m) 
by the Cauchy formulae: 


if Lif, 3 6 1(2 3 
Im(m)~ - Cis) = ETA (ria I Cis) mm (51) 
23.36 2m 
We then get from Eq. (42) 
y face 8 = 
S?(R)~0,2 (==** | m? V3. (52) 


Hence, in the limit, S? (R) has the resonance 
at w= V as in Eq. (50). However, in order to see how 
effective such a resonance is, let us consider the mean 
relative energy loss of a deuteron per cm of path, 
given by Kq. (33). For instance, in the case o> 1 and 
x sufficiently smaller than 1, so that «<1/u, the mean 
relative energy loss is 


at 
6g H ie See N71; 
SSS LO Nae 


me 
E a (53) 


For a beam with N=108 deuterons per cm?, the 
value of this expression is <10-* cm7!. 

Hence, the resonance found in the plane case for 
w= V is practically ineffective. Measurable radiation 
can then only be emitted in the resonances of 1,9, 
as we shall see in the next Section, when the finite 
conductivity of the plasma is taken into account. 

In the case w<V, we substitute in Eq. (42) the 
inequality [7] 

1 2 
Jim (7) aim 7 l/ ale where H{7-)|< 1, (54) 
which follows from Carlini’s formula. We then have, 
according to the Cerenkov condition, 


lim S?7(R)=0. (55) 


R—-oo 


On the contrary, if w> V, we introduce in Kq. (42) 
the Langer uniform expansion [8]: 


mw 1 


he (=e) 


Ee (2) cos? — Ys (2)sin =| 2 O(m-s), (56) 


3 


1 


W= eS 2 = m(W—tan- WV) . (57) 


177 


kK. CANOBBIO: 


If z>1, Ji (2) is given by Eq. (43) and Yi (z) ~ 
3 3 
1 


~(2/7z)* sin[z —(57/12)|. Then, by equating the 
so-obtained expression from Kq. (42) with Eq. (50), 
we have an equation for the mirror position a. 


5. On the peak value of Ss 


When the finite electric conductivity of the plasma 


is accounted for, the expressions for $8, given in 
Sections 3 and 4, are no longer appropriate. The 
squared refractive index n? is a bounded complex 
function [6] whose real part in the resonance regions 
differs very much from n,?; moreover, the imaginary 
part of » indicates energy is absorbed by the plasma. 

It is not our intention to study the problem in its 
most general form. In what follows we shall restrict 
ourselves, for simplicity, to the evaluation of the 
peak value of the radiation from the plane and from 
the curved beam at the ‘“‘ion-resonance”’ frequency. 
This is practically the only resonance frequency of 
interest for experiments. Finally, the resonance 
breadth and the attenuation distance of the waves 
will be briefly examined. 

Consider now the general forms of n? and « given 
by Eqs. (13) and (14), respectively, and express 
them in terms of the dimensionless parameters x, 0 


and yw introduced in Kq. (25) and of the new para- 


meter t=y/V MiMe. By supposing t<1 and denoting 
with x, the value of x which corresponds to the 
ion-resonance frequency in absence of collisions, it is 
easy to find that Re (n?) and Re («) reach their peak 
values at x =x,—O (t), where O (rt) is positive and of 
the order of Tt. 

In the following we shall choose, in order to simplify 
the calculations, just the value x =x,—O (t) +0 (t?). 
At this value we have (see Fig. 3) 


Re (n?) = Im (n?) = n?, 


ad (58) 
Re («) =Im («) =a, 


2n? 


-7% 


Fig. 3 Schematic behaviour of n? in the neighbourhood 
of x;. The behaviour of « can be obtained by substituting 
« for 7? in the ordinate. 


so that we can write 
ni=n2V 2Qeirl4 
= (59) 
a= a V2ei7/4, 
x,—O (rt), nand « are real functions of ¢; approximate 
expressions are given in Table I. It follows from 
Table I that «> vn. 
With these assumptions, the x2-component of the 
complex Poynting vector, Eq. (20), for the plane 
beam, 


a (6) —ic * 
donee een 


f > 
where dx is the derivative with respect to x, acting 
only on the continous parts of B:, reduces to 


= 
i Im {= eae 


8x n? 


(61) 


TABLE I. 


o<1i/u 


= | 1 ay 
otis pio+t—r(o+2)[u(o + ay) a ee 
: = j | 
L/n pea | (2r)2 
pate 1)e | {olo+(1/n)]}* 
2 —_— - 
Qe x2 (a + 2) Oe? 
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By using Eqs. (18), (59) and (61) and supposing 
moreover w> V, the x-component of the complex 
Poynting vector, calculated on the side of the beam 
looking towards the positive «-direction, becomes: 


es # 2, %% cos (n/8) + sin (x/8) | - 
Sr=y (Nec. . (62) 
On the other side of the beam it is S<——S?>. 
In the same way, the radial component of 8, for 


the curved beam, takes the form (61) where dy is 
replaced by d,. Remembering now that [8] 
[HP (ER)|*= HO (K*R) (63) 
and that for 
come [8]: 


“as ~ eR) exp| i(K 
1 


KR) >m the Hankel functions be- 


2m + 1 

| 
6) ~(afep) orn [af re—2% | 
(64) 


while Jm(K R) is given by Eq. (43), from Eqs. (38), 
(59) and (61) we get the following expressions for S, 
on the two sides of the beam, 


peg 


bid (Ne)? e TH cos (77/8) + sin (x/8) 
3 = 


m3 91/4 


(65) 


For simplicity, we indicate with S the common 


value of SZ and S? (R). Note here that the mean 
energy flux, Eq. (62) or (65), does not depend on the 
velocity of the beam particles and on the beam 
curvature. This means that, when the interaction 
between beam and plasma becomes very strong for 
a particular value of the modulation frequency, the 
large modifications induced by the beam in the 
surrounding plasma react on the field radiated by the 


RADIATION FROM MODULATED BEAM 


d= constant 


Fig. 4 Schematic behaviour of «?/n3 as a function of Bp. 


beam in such a way that the resulting field comes out 
to be essentially determined by the plasma properties 
and no longer by the beam dynamics*. The dependence 
of Eq. (65) on the plasma properties is better dis- 
cussed by expressing a/n3 in terms of the magnetic 
field By (measured in Gauss), the particle density of the 
niet d and the plasma temperature 7’ (measured 
in°K). By using for y the expression given by SPrTzER* * 
[3] we get Table JE 


* Something similar happens in the problem of the 
energy loss of a fast particle traversing matter, see 
e. g. E. Fermt [9]: here, the interaction between particle 
and the. medium becomes very strong when the particle 
velocity v approaches c; but then the radiation doesn’t 
increase indefinitely; on the contrary, for velocity larger 
than a certain v, it takes a value which is independent 
of v and is determined by the dielectric properties of the 
medium; such a value diminishes when the density of the 
medium increases. Note in this connection that our 
expression, Eq. (24), for instance for a non-dissipative 
plasma and at low frequencies becomes, when w—c, 
oc B,/Vd, where d is the particle density of the plasma. 

** Remembering that in our cases the current is 
perpendicular to B, we have to choose the y used for the 
transverse conductivity. 


TABLE I1. 
| BA KV MER d.> 26: B,* 
= Z : - 
Be dz 
pom 4,8-102- (By? +3,8-10-2-d)? 8,7. 10?. "02 _, 
al ; (By? + 10-8d) 2 
z Nie oe 
a 10?. Te Be oer : 2-104- By ® gee - 
Fel Ie Spi. Wl en ies 
| [in A- (2By? + 3,8-10-2- d) (By? + 3,8 - 10-*- dy? J? InA.d® (B,? + 10-5 - d) 
2 * 1 j j ua ae 
InA-d (2B,2 3,8-10- . — a2 2 
Ao) emit eee ee = oo ee | 
a T? By? (Bo? + 3,8. 10°. d)* T® By(By?+10*-d)? 
: eae 
e pore By? + 3,8-10-?- d) ]2 Natt 2 
i en 5,6 - 104- n (2 ate a ee oe Ain ) | 
cm T® (By? +3,8-10-2-d)? T? .d? By 
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Ion-electron collisions tend to destroy the resonance 
condition; hence it is clear that the mean energy flux 
must increase with the temperature. Then, from Fig. 4 
where the behaviour of 2/n* taken as a function of By 
is sketched, we see that the peak value S becomes 
particularly high when the plasma frequency @p» is of 
the order of Vwjae. From Fig. 5 on the contrary it 


B o = constant 


> 


0 +— eas 

83Bo da 
Fig. 5 Schematic behaviour of «?/n? as a function of d. 
follows that the plasma has also a kind of screening 
effect on the beam radiation which increases with 
the ratio wp?/wjimex d/B,?. The greatest value of S 
occurs when d~8,3 B,?: 


eco 


S ~ 0,6 - 102. + (Ne)? ei» ergcm—*sec-!. 


(InA) 2 B, 


to|s 


(66) 


In this case the mean relative energy loss of a deute- 
ron per cm of path, for the plane beam as well as for 
the curved one, has the value: 


3 
6 a 5 \3 
SLB GM Mie ee (| em-1, (67) 
(In A)? By? 


In many cases of interest for experiments, however, 
o=1/u; then from Table II we can write 


7 3 
i N\2 Bye 
Sw (7) Sloe erg cm-? sec"! , (68) 
(In A) ? 
and, for deuteron beams, 
ae Ses 
OH INT TB) 29RD 
a Faas 0,6 - 1024 ——°__—___ em! , (69) 


(In.A) 2 wd? 
When B,=104 Gauss, NV =108 em, d=1018 cm-3 
and T’'=108 °K, Eq. (69) becomes 


a ono eal em, (70) 
The particle velocity w is, in this case, ~0,8-107 A 
and the beam radius R~A//2 7, where / is the wave- 
length of the modulation. 

If A is of the order of 10 cm, so that R~1 or 2 cm 
and w~8-10" cm sec“, the value of Eq. (70) is ~1. 

Of course, the practical interest of the previous 
equations depends essentially on the value of the 


“breadth” of the energy release, taken as a function 
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‘and Im (a)<Re (a). 


of the modulation frequency. This breadth can be 
evaluated by looking at the form of n? and «. For a 
displacement Ax~—O (t) away from the resonance, 
Re (n2) and Re («) become ~O (r)-times smaller than 
n2 and «, respectively, while they go at once to zero 
for a displacement Ax~O (rt); moreover, except im 
the neighbourhood of x,, it is always Im (n?) < Re (n*) 
Consequently, the value of 8 
(and of d,H/H) becomes negligible compared to S 
(and to 6#/E) for displacements Aw of the modulation 
frequency away from the resonance such that: 


ot 
|Ao| (20% 


%r 


(71) 


Approximated expressions of Eq. (71) are given 
in Table II. In cases where Kq. (69) holds, expression 
3 1 


(71) takes the form: ~1-10-[dIn A/(7’? B,)]’; 
when Eq. (70) holds, it is |Aw|/@~3,7-10-%. 

In concluding we note that the energy released by 
the beam is absorbed by the plasma over a distance, 
whose order of magnitude L is given by [3] 

+ = Im (="). (72) 

For the explicit form of L, see Table Il. When 
Eq. (70) holds, LZ is about 10-%cm. JL increases 
with By, while it diminishes when 7’ increases, be- 
cause of the fact that the collisions tend to destroy 
the resonance and thus deepen the penetration. 
(The wave attenuation due to the collisions is negli- 
gible compared to that due to the absorption at the 
resonance. ) 
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THEORY OF CERENKOV AND CYCLOTRON RADIATIONS IN PLASMAS 


Taro Kinara, Osamu Aono, Ryo SuqaimaRAa 


DEPARTMENT OF Puysics, UNIvERsITY oF Tokyo, Tokyo. JAPAN 


Radiation from a charge q moving in a helix in magnetoplasmas is investigated theoretically. 
When its speed » is much larger than the thermal velocity, (m-1!k7)!/2, of the plasma electrons 
and the gyration frequency is much smaller than the plasma frequency ,, the radiation power 
from the charge is (q? @ ?/2v) In (v2/m-1 kT). Cyclotron radiation from an electron with non- 
relativistic speed decreases to zero as plasma density increases. For a positron in a dilute plasma, 
however, the radiation is strengthened. This strengthened radiation from a positron again de- 
creases with increasing @)”/@q* and becomes zero for ,2/@q2> 2 (@y = gyration frequency of the 
plasma electron). Damping of the Cerenkov radiation due to collisions of plasma electrons is 


also discussed. 


1. Introduction 


In this paper we investigate theoretically the radia- 
tion from a fast moving electron in a uniform infinite 
plasma. The interactions of the electron with the 
plasma can be classified into two parts: the microscop- 
ic one (close and distant encounters) and the macro- 
scopic one (resonances with the plasma as a continuous 
medium). 

The distant encounter is characterized by the impact 
parameter which lies between e?/mv? and the Debye 
length lp. Here —e, m and v are the charge, mass 
and velocity of the moving electron. The impact 
parameter plays an essential role in such irreversible 
processes as temperature relaxation and_ electric 
conduction. A fast moving electron loses its kinetic 
energy mostly due to the distant encounter with 
plasma electrons. The time rate of energy loss of this 
type is given by 


C7,” ih mvlp 


a (1) 


where w, is the plasma frequency. 

The close encounter with ions causes the brems- 
strahlung. 

The energy loss due to the Cerenkov radiation from 
the moving electron and the shielding effect on the 
cyclotron radiation are two examples of resonant 
interaction characterized by the macroscopic electro- 
magnetic field of wavelength longer than the Debye 
length. 

A charged particle moving uniformly along the 
magnetic field in a plasma radiates electromagnetic 
waves [1, 2, 3], called the Cerenkov radiation [4, 5, 6]. 
A charged particle gyrating in a magnetic field in 
vacuum radiates electromagnetic waves, the fre- 
quencies being close to the gyration frequency and its 
higher harmonics [7, 8, 9]. This is the cyclotron 
radiation. For a charged particle moving helically in 
a magnetoplasma these two types of radiation can 
not in general be treated separately, although for 
higher harmonics of the cyclotron radiation the 


surrounding medium can be approximated by vacuum 
[10]. Theories of radiation in a magneto-plasma are 
mostly formal and give few concrete results [3, 10]. 

A purpose of the present article is to show that under 
certain conditions we can treat these two radiations 
separately and thus obtain useful theorems. We use 
the Fourier-expansion method developed by StrENKo 
and KoLoMENsSkEIr [12]. 


2. Preliminaries 


Starting from the Maxwell equations 


rob B(r,é)= ——~ H (r,t), 
; (2a) 
robH(r)\= 2 D(r,)+=Jiny), 


we make the Fourier expansion for each quantity, 
in such a way as 


B(r,t) = [| E(k, «) exp (ik-r—iwl) dkdo, 


E(—k, —o) = E* (k, w), etc. 


Then for the Fourier components the following equa- 
tions hold: 


ikxB=i2H, ikxH=—“D+"*J. (20) 
On eliminating H, we have 

x . 4 : 

D+ (kk-E—#E) =—i-~ J. (3) 


Using the connection between the Fourier compo- 
nents of the electric displacement and the electric 
field intensity 


D (k, w) = €(@) - E(k, @), 


Eik (—@) = Efe (@), 
we obtain 


1h ee (5) 
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where 


Tip =n? (x1 %Xe — Oik) + ik, Tir (—o)= Ti, (eo), (8) 


ke i= no oe (7) 


1 To)’ c 


By use of the inverse tensor T-! the solution of 
Kq. (5) can be given in the form 


De Tela (8) 
We have therefore 


E(r,t) =—i4dn ne . Jexp (ik -r—iwt)dkwda 
and hence (9) 


H(r, i)=-idee| [nx x T-!. Jexp (ik-r-iwt)dkaw do. (10) 


The integration variable can be transformed according 
to 


dko da = c%dQ n?dn \o| oda (11) 


where dQ is the solid angle element of the direction 
of the wave vector k. 

We consider the electromagnetic field produced in 
the medium in which a point charge g is moving with 
a velocity v(t). Denoting by re (t) the position of 
the charged particle at timet, the current is represented 
in the form qvd (r—re) with the Dirac 6-function. 
Then, its Fourier component is calculated to be 


Cah omen exp(—ik-re + it)dt. (12) 


The energy radiated from the charge is given by a 
surface integral of the Poynting vector S=(47)1'¢ 
(K x H). The Poynting vector, however, is compli- 
cated in general, and the calculation is performed only 
in particular cases (see Section 5). 

On the other hand, the time rate of energy loss by 
the moving charge, —d W/dt, due to interactions with 
the surrounding continuous medium can be calculated 
by use of the relationship 


dw 


dp ete) 


=4nqi | | v-T-! -Jexp (ik-Te—iot) dko—doo , 
(13) 


in which the field E is taken at the point where the 
charge is located. This energy loss is not always 
equal to the energy radiated from the charge even if 
the electric resistivity of the medium is negligible. 
The charged particle, in some cases, does work on the 
medium in the neighbourhood of its track without 
radiating energy. There are two criteria in this respect. 

The condition that absorption is absent is that the 


tensor € is hermitian. 
Eik () = xj (@) - (14) 


The time rate of radiation from a moving charge is 
equal to the time rate of energy loss given by Hq. (13) 
when the dielectric tensor €(w) ts hermitian in the 
domain of w which contributes to the integral of Eq. (13). 
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An example of energy loss without radiation is given 
in the next Section, 

Plane electromagnetic waves which are propagated 
in a source-free magneto-plasma are given by Eq. (5) 
with J=0: 


ees Ere Oe (5a) 


the index of refraction, n, being given by the relation- 


ship 

det T= 0. (15) 
There exist for n? two finite roots 1, and n,?. (These 
roots are real when the tensor €(@) is hermitian.) 


When these roots are real and when the integral with 
respect to n® is determined by the integrand at a positive 
root or roots, then the energy loss is entirely due to the 
radiation with these indexes of refraction. 


When, in particular, the particle velocity v is a 
constant, the Fourier component of the electric cur- 
rent, Eq. (12), reduces to 


dee oan fexp (—ik - vt + ict) dt 
= ae 6 (k: v—o) 
qv a a 
= {5 a(” x-v—l), (16) 


the particle position at f=0 being chosen as the 
coordinate origin. Then, the time rate of energy loss, 
Kq. (13), becomes 


awe? 
dt  2rx%c 


3 al eraalie -VO (“xv —1]dQn¥dneodo 4 
(17) 


where Eq. (11) has been used. This expression was 
first given by SrreNKO and KoLomeEnskgt [12]. 


3. The polarization loss 


As a preparation we first consider a collisionless 
plasma with no magnetic field in which a charged 
particle is moving. We assume that the speed v of 
the charged particle is much larger than the thermal 
velocity of the plasma electron, 

ln icine kT) sie (18) 
where k is the Boltzmann constant, 7’ is the plasma 
temperature, and m is the electron mass. 

For a scalar dielectric constant ¢, we have 


ive 


ai a) (1 xxtz, N7xytz, N2%2*—e) , (19) 


the z-axis being taken along the velocity v. The energy 
loss, Eq. (17), thus takes the simple form 


dt 
q 


2752 ; 2 29 
: ie <e = 0(nf cos6 — 1)sin6d6 n2dnwda 
(20a) 


ee shh Re : 
in which B= v/c and 6 is the angle between vy and x. 
Hence 


99 
ED enh Ge 
—_ndnwdw. 


ee (20) 


n>B 


The plasma can be treated as a continuous medium 
with the dielectric constant 
e= | — 


((97/@?) (21a) 


for wavelengths longer than the Debye length Ip, 
namely for 


Bn < v/(\a| Ip). (21b) 


The limit v/(\@)| lp) is a large number by virtue of our 
assumption, and the integral with respect to Pn can 
be cut off at this limit. The integral of Eq. (20b) is 
determined by the values of the integrand at its 


poles w= +m, and we have 
col y 
d Ww ~ gq? @ 9” [<2 
dt un en 
q Wo” 2 29) 
= Se 22 
2v Mi oleae ( ) 


This is the polarization loss mentioned by Frrmt [13] 
and Pines and Boum [14]. 

For an electron the energy loss, Eq. (22), due to 
resonant interaction with the plasma as a continuous 
medium is less than one half of the energy loss Eq. (1). 


e” w.” IpkT 
- [im eet 
. ee 


ve 
SEF | : Bo 
which is due to encounters with plasma electrons as 
particles. 

The energy loss is not at all equal to the radiated 
energy from the charged particle, which will be found 
in the following to be zero. In fact the dielectric 
constant ¢ is not hermitian at m? =w,?, where collision 
effects can not be neglected. 

By use of Eqs. (9), (11), (16), and (19) we can cal- 
culate the electric field at a position r. On choosing 
the z-axis along the particle velocity v we let 


= (OMI ea) os) 
( Bc) (o ) (23) 
% = (sind cos q, sin sin @, cos§) . 
Then we have 
n aw 8 
E.(t,t) =—>4e5 iiss 5 (nB cos6 —1) 


exp F "© (osincosp + zcosf) Sore 
S Se eS 


a = if /( n “ 5 5 (nBcos6 Sai 
ee As o sin 0) ein (lv) gin dO n2 dn w da 


— Belfast 2) 


et ndn w dam. 


(24a) 
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On taking V 62n2—1 
obtain 


as an integration variable, we 


ee = 
i| -t : K (hoje? =-%awdaw , (24b) 


Ez(r,t) = — d 


rahe 


1 
where h = (1 — fe)? o|/v and Ky, is the modified 
Bessel function of the second kind, for which the 
following formula holds: 


~ antl 
{ ay? 


0 


Jon) da =a Kay). (24c¢) 


The g-component of E is zero. 
As regards the magnetic field, 


its @-component is 
calculated to be 


H,(r,t) = —4 uy Ky (ho) G9 dw. 


The z- and 9-components are zero. 

The power radiated from a cylindrical surface which 
is at the distance o from the particle track is given by 
the surface integral of the Poynting vector 


[Se 2ro dz = oS ie H.H,2nodz 
= a (ee ho-K, (ho) Ky (io) dm, (26) 
which is etre: to be 
[Se2mede= 2er Oot K, (92) x, (“2). (27) 


This result is in agreement with Eq. (22) when we let 
o be lp. However, it decreases exponentially for large 0, 


[S02n6 dz~ = v os exp (—2 0/v), (28) 
and hence radiation is not emitted beyond v/w,. The 


energy loss Eq. (22) is not in the form of radiation but 
in a kind of work oE-dD done in the vicinity of the 
particle track. 


4. Gerenkoy radiation in collisionless plasmas 


In this Section we consider the energy loss of a 
moving point charge due to the Cerenkov radiation. 
Assumption I. The collision frequency is negligible 
compared with the gyration frequency wy of the 
plasma electron; but the latter is not much larger 
than the plasma frequency Wo, 


(29) 


OH S M- 


Assumption 2. The speed v of the moving point 
charge is much larger than thermal velocity of 
the plasma electron, 


In (v?/m2kT) > 1 (30) 


183 


T. KIHARA, O. AONO, R. SUGIHARA: 
where k is the Boltzmann constant, 7’ is the 
plasma temperature, and m is the electron mass. 

Assumption 3.The radius of curvature of the 

orbit is much longer than the length passed in a 
period of plasma oscillation. 

The last assumption enables us to consider the 
particle velocity as uniform in the time interval 1/qp, 
a characteristic time for the Cerenkov radiation, and 
to use Kq. (17). 

The z-axis being chosen in the direction of H, the 
dielectric tensor takes the form 


E; le, O 
€=—|/—ie, € 0 (31) 
0 O € 


where ¢,, €, and ¢, are real for a collisionless plasma. 
The determinant of the tensor 7' is calculated to be 


det T =n? [e, sin? y + €, cos? y]—n? [e, €, (1 + cos? y) 
+ (€,°—€,") sin? y] + (€;"— és") €3, 


(32) 


where y is the angle between H and x. Let the compo- 
nents of % be 


(33) 


% = (sin y COS a, SiN y sin @, COS y). 
Then we have 


VY>) ++ vy = (det T)-*v{ n* cos? 0 
—n*|e, (1+ cos?6) + (es—e,) sin? O (1 —sin*y sin? «) } 
+ €; €,8in? O + (€,2— €,”) cos?@}, (34a) 


where @ is the angle between H and y, and @ is the 
angle between v and x so that 


(34b) 


cos 0 = cos @ cos y—sin @ sin y cos « . 


The integral with respect to Bn can be cut off at 
v|(\@| lp), and the total integral is mostly contri- 
buted by the region of large fn, where det T can be 
replaced by the first term in the right-hand side of 
Eq. (32) and cos?@ is very small because of the factor 
6 (np cos0@—1). Moreover, the nonvanishing integral 
with respect to n comes from the point where det T 
is zero. From the inequalities 


|e, sin? y +e, cos? y| <1,/cos6|<1, (34c) 
it follows that 

|e, (1 + cos?@) + (e3— €,) sin? (1- sin? ysin2«) 
je,sin?y + €, cos*y + 2 (es—e,) cos O cosy cos6 + €,cos?6| 


<1, (34d) 


and the right-hand side of Eq. (34a) is approximated 
by its first term. Thus we obtain our basic relation 


2) Hm 


dw GPP. fp cos? 6 
= d [a fa pee ae 
dt 2708 | - # SD ea Gear 


x 6 (nB cos 0 —1) n? w 


(35) 
Nm =c/(|co| lp) ‘ 


As regards the integration with respect to the direction 
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of x. we introduce azimuthal angle g of % around yv 

so that 

dQ=sinO d0 dq, cos y =cos 9 cos 6 + sin @ sin 6 cos ¢, 
(36) 


@ being the angle between H and vy. 
The three components of the dielectric tensor are 


given by 


2 
Mo 
wm? 7 


Wo" OY Og” 
(25) 1 5 a oa 7 
On— OFA 


(37) 


& w (w?— wzy”) ” 


é,—=1— 


for wavelength longer than the Debye length. The 
frequency of the dominant radiation is given by the 
inequalities (34c), namely 


|? (w?— w?— oy?) + wo? oR COS*y 


<1,cos?6¢<1, (38) 


| — w? (w? — wy?) 


Hence the domain of jm? is composed of two parts 


0 <@? < Min (my?, @”) 


(39) 
Max (@H?, @57) <w?<@,?+@n’. 
In particular, 
wo? O+on” forvx H=0, 
oY w)?+on” fory- H=x-H=0, (40) 
WY We" for ve He); *xxHr0. 


(See Fig. 1). The~set of intervals, Eq. (39), for the 
radiation frequency was pointed out by KoLOMENSKII 
[2] in the case of v parallel to H. 


ae 


V 2 2 
We +, 


2 
we + Ww! 


Fig. 1 Frequency of the dominant Cerenkov radiation, 
see Eq. (39). 


The dielectric tensor ¢(@) is hermitian excepting 
two points, m?=0 and w2=wy2, where the integrand 
of Eq. (35) vanishes. Therefore, according to one of 
the criteria mentioned in Section 2, the energy loss 
Kq. (35) is entirely due to radiated power. 

On substituting Eq. (37) for e, and e, in (35) we 
consider the integral 


Teteh (sce oal 2 OE eee ‘i 
es ie eae) + wy? w,2 cos? y * (41) 


Let us write the denominator in the form (w?—«’?) 
(w~?—w"?) for which 


0<w”? < Min (wy?, @o.)s 


Max (wy?, W9?) <@"? <a? +H? , (42) 
wo?+m"=o,2+oHn? . 
Then we have 
19 2 "9 "ys "9 9 
COPS Ori ———= sais OD ee CO er 
Se) (a3) 


oO “— @* wm” 2 — @’2 


the first and second terms on the right corresponding 
to the first and second parts of the domain, Eq. (39), 
respectively. This expression is equal to w’? + w"2—ay2 
or @,”, and we finally obtain 


Wee 
dw gq? @,* 5 AR abate 
“= ae . i [6° cos? 46 (nB cos6@—1) n® sin§ dé dn 
00 
c/ ly 
he oe dn q? @,? 1 vy 
— a nh A 
v n 20 mt*kT i 
1/8 


We have tacitly assumed that the dominant fre- 
quency of the Cerenkov radiation in a collisionless 
plasma is of the same order of magnitude as the plasma 
frequency @,. This is in fact true, because the first 
term of Eq. (43) is negligible when wy?<w,?. Thus 
we reach the following conclusions: 


1. The power lost in the form of Cerenkov radiation 
is given by Kq. (44). It depends neither on the 
absolute value nor on the direction of the 
magnetic field H; it is just the same as the 
polarization loss, Eq. (22), in a plasma with no 
magnetic field. 

2. The Cerenkoy radiation is emitted in the direc- 
tion almost perpendicular to the particle velo- 
city. The power is uniform with respect to the 
azimuthal angle around the particle velocity. 

3. The frequency w is in the domain Eq. (39). The 
radiation in the first part is negligible if mq? <@,. 


5. Collisional damping of the Cerenkov radiation 


Having discussed the Cerenkov radiation in a 
collisionless plasma, in this Section we consider 
damping of the radiation due to finite electric con- 
ductivity of the plasma. 


Assumption 1. The collision frequency, cou, is 
still much smaller than the gyration and plasma 


4 frequencies : 
con® < Min (mH, @ 9”) - (45) 

Assumption 2. 
mekT <u <ec. (46) 


Assumption 3. The velocity vy of the moving par- 
ticle is parallel to the magnetic field H. 

The first assumption will be taken into account when 

we make expansions in @cou/. The first half of the 
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second assumption corresponds to the relation that 
the wavelength is much larger than the Debye length; 
the second half enables us to treat large values of the 
refractive index only. For velocities which are not 
parallel to the magnetic field, calculation would be 
formidable. 

We start from the expression, Eqs. (9) and (10), 
for the electric and magnetic fields with the electric 
current given by Eq. (16). On choosing the z-axis 
along the particle track, we let 

¥— (0,07 Be), r = (0,0, 2), 
(47) 


% = (sin @ cos @, sin 9 sin g, cos 8) . 


Because of the 6-function large values of n need to 
be considered, for which 


xf cos 6 


5) ra 
i) (yp 2 SS el c ae = S na A 
K (r,t) = @n)2 all eee cos2g 0 (UB cosd—1) 


ee) . : . C 
exp (i - -08in8 cos a) eG —) sn A dbdpn?dnada. 


(48) 
Its z-component is calculated to be, Eq. (24b), 
n ri = SET 
Ez (r,t) =——y |, Ko(he)ei@ Yada, (498) 
where 
6 Eg wm” 
hb? =——_, Reh > 0, (49 b) 
& 0 


and K,, is the modified Bessel function as in Section 3. 
The g-component of E is negligible. 

As regards the magnetic field H, its m-component 
is found to be 


Be, sin 6 


aed ; f = 
A, (t,t) = sal lean see 5 (n B cos8—1) 


ds (Pe sin 6) ei @Gle—) sin f ddndnada 


= fh K, (ho) eG" 9d. (50) 


—co 


The power radiated from a cylindrical surface which 
is at the distance 9 from the particle track is given by 
the surface integral of the Poynting vector, cf. Eq. (26), 


6) ¢ 
[50270 dz = qe [- HzH,27 0 dz 


—oo —oo 


. mee il 
=F lhe kK (h* 0) Ky (ho) oda. (51) 


For collisionless plasmas, the domain 


0<w?<Min (WH?,@9”), 


Max (x2, 092) <<w? <a)? + on’, (52) 


in which fA is purely imaginary, contributes to the 
radiation. Regarding the collisional damping, we use 
the asymptotic formulas for large o. 
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K, (ho) ~ (/2ho) 


role 


e—he, 


uu 
K( ho) (/ 2h" 0) Oa ee (53a) 
Then 
* 4 * K m= h* ,—2e0Reh 
h*o K, (h*o) Ky (ho) = 2 hy € 
(53 b) 


because of the inequality Re h< |Imh) . Hence 
D +2 aL if 5 
[Se 270 dz = ae + * @-2eRehwda, (54) 
1 
where + is to be taken so that Re(+1/e,)>09. 


al 
Considering the relation (4), €,(@)=«&,* (—@), we 
finally obtain 


an Gear 1 : # 
S,2%0d2— | | Re — |e~2eRehwdw. (55) 
J (2) cI & 


o>0 


By use of an effective collision frequency @cou let 
us adopt the expressions 


Wo? (@ + 1 Moll) 
[(@ + i@eon)* — oH?) * 
Wy” 


cia 


o(@+i Oecoll) : 


é; = 1— (56) 
For a small @eon the real part of h is calculated, in the 


domain (52), to be 
1 


coll w2 — @,2) (w? — wy?) |] 2 
Reh = —2 : = 


2” @? (@)? + of? — o?) 
Oe Wo” (w? ae wy) 
O° Wy" (w? — wy”) (M2 + wy? — w?) | - (57) 
The method of steepest descent (Sattelpunkt- 


methode) enables us to calculate Eq. (55). It is found 
that Reh takes its absolute minimum near the 


midpoint in the first part of the domain (52): 
OO = Min (op7) 0,7). (58) 


In fact, the values of wm? which minimize Re h are the 
following : 


1 
— 2 
wo” = > On for @p" =< “@," 
2 7 2 ql ee 
wo2 = 0.479 wo for on] — 7 Mo 
a le Re ae 2 2 
wo" =~ OH" => Wy for wH* = a (59) 
9 
w? = 0.574 «9? for @H? = 2 w" 
wo = 0.560 9 fOr OH? — 3," 
(jee tor 2 2 
= 9 o OH” > Wo". 


The expression of Eq. (55) is calculated to be 


i 

2 4 
oy OE 

ie 


2 
(on 


i ; 
[50276 dg ss ( = exp (— 4 con @/0) 


Smee, Meo V2 


for oH? < w¢" (60a) 
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1 


: gq? Wo” exp (— 4 econ (V3 v) 


22 | ee: 
8 TES 
V3 coll V0 
(60 b) 


P 2 
for wH*= Wo 


il v5 2 9 9 9) . 
=Zlocnsg) #eo%exp (—2 dongle) 
\ co G 


(60 ¢) 
for wy? > Mo". 


6. Non-relativistie cyclotron radiation in collisionless 
plasmas 


A characteristic feature of the non-relativistic 
cyclotron radiation from a point charge q in a colli- 
sionless plasma is that the variation of k-re in Eq. (12) 
is negligible (for & not too large) in comparison with 
the variation of wt: 


A ee [vetetas. 


(2 x)* 


(61) 
On choosing the z-axis in the direction of the magnetic 
field, we let 


= |q| H/m,c (62) 


V= (+2, Sin @, tf, v, C08 Wt V2) , 


where m, is the particle mass and the upper and the 
lower signs of + are for positive and negative q. From 
Kq. (61) we then obtain 


+qv eit — e@—14,t a 
Ie= ae 7 eiordt 
: eal 
= + iss ae Pa (@ — a,) — d(o + @,)], 
) i a 
Jy= aC 5 [6 (w —a,) + 6(@ + @,)], 
Je= 7335 6 (0) (63) 
The Eq. (13) with Eq. (11) is similarly reduced to 
dw 4G af tt : 
carrie ae i| {| v-T-(@)-Je?'dQn*dn|a|ada. 
(64) 
By use of the vector 
lS 1 
a= (Ay, Ay, 2) = (4 ro Ae 9? 0), (65) 


oJ in Kq. (64) can be written as_ 
oJ =(27)-* qv, @,[a 6 (ww — @,) — a*d (W+,)] (66) 


since wd (w)=0; and we have 


dw 2y oe : 
or ee (Fras 


—v-T-1(— a) - a*ei®'] n2?dndQ. 


(67) 


On taking the time average over a gyration period, 


PV ee tn aX, (vel) v=o a, (68) 
and making use of the relation, see Eq. (6), 
a-T-1 (=o) - a* = [a®- Toh (wie al®,) (69) 


we finally obtain 


Rei [joer (m1) an? dnsiny dy, 


0 


dW 2@v2 0,2 


Glial be c8 


0 
(70) 
where y is the angle between the magnetic field and 
wave vector. 
When the wave vector is taken in the yz-plane, the 
tensor T is of the form 


—n* +e, 1& 0 
T=|-ie, -n?sin?y+e, n®siny cosy »&—>0, 
0 nsiny cosy —n®sin? y+ ¢, (Ab) 


for which we get 
a1 *-adet.[ 
= |a,|? [— n? (e, sin? y + €, cos? y) + e, €5] 


+ 2 & |ax| ay (n? sin? y — e,) 


(72) 


ay"( — n* + €,) (—n? sin? y +s) . 


The discriminant of the right-hand side of this equation 
as a quadratic form of | ax) and ay is just the det T 
given by Eq. (32). Let 


det T = (e, sin? y + €, cos?y) (n? — n,”) (n?—n,”), (73) 


where n,” and n,? are real, then for n?=n;? (j=1,2) 
the right hand side of Eq. (70) is 

[— nj? (e, sin? y + €, cos? y) + €, 3] (\ax| + ajay)? (74a) 
=[— nj?(e, sin? y + €, cos? y) + & €5] [(1 + o)/2]?, 
where 


&)( — nj? sin” y + €3) 
tae — nj? (e, sin? y + €, cos? y) + €, &3 
yi (Eq Yai Og COBY re Ene3 


(74b) 


On carrying out the integration with respect to n 
in Eq. (70), we have 


dw q?v,2 wo, y lta 2 
dine es aa Deo 


0 j=1,2 


|— nj? (e, sin? y+ €,cos” E,E ier 
pes Ae Yai, Se a Re nj \siny dy . 
| (e, sin? y + €, cos? y) (142— 192) | 
O=—W, 
(75) 


This integral comes entirely from real positive 
poles of the integrand of Eq. (64) or from real positive 
roots of det T=0. Hence, according to the second 
criterion in Section 2, the energy loss, Eq. (75), is 
due to the radiation with these indexes of refraction. 

The ¢,, €, and e¢, are given by Eq. (37); 7,” and 
n 2 are given by Appleton-Hartree’s formula (see, 
e.g., [15]): 
nj2—= 1 —2e,2 (wo? — 92) /{2 @? (@? — Wo”) — ? WH’ sin? Y 


me 
4 (-1)i41 [w4 wp’ sin y ag oon? (@?— 97)? cos” y] ay , 
(76) 
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where (—1)J/-!1=1 for the ordinary wave 


(—1)s-1—=—-1 for the extraordinary wave; and 


and 


|— nj? (e, Sin? y +e, cos? y) + e, €, | | 
F 2 


| (€, sin? y+e, cos? y) (ny2—1,2) | alee LGA 


1 
K,=2 ou sin? y+ (-1)J-4 | wo? my? sin! y +4 (w2-wy?)? cos? y] 2 
i 2 (w?— Ww”) cosy 
(77) 
Let us first consider an electron (¢=—e) which 
is gyrating in a dilute plasma under the conditions 


Time UME TLD LEE (78) 


The gyration frequency @, is then given by 
O17 = wy? (l1— v?/c?) , 


(79) 


and furthermore, for m=«@,, 


K,=I1jeosy, K,=— cosy, 


2 2s+1 

a ssin?'y +] 7 
ssin? y — cos? y 

ssin?y +] 


c= (c?/v?) (9"/H?) : 


By use of these relationships, the radiated power is 
found to be 


Cole = 


> 


(80) 


dw e? w,2 v4? 
a et (81a) 
, 2 
= 28s+1 2! 1+ cos*y ; 
fe (8) =| eal ): ner ence siny dy 
0 
_ (8+2)V2e+1 (81b) 


3 (s+ 1)? 


The function f(s) decreases from fe (0) =2/3, the 
well-known value for vacuum, to fe(co)=0 as 
the plasma density increases. (Fig. 2). For @,? not 


Fig. 2. Cyclotron radiation from an electron, fe, and 
from a positron, fp, see Eqs. (81), (82). 


much smaller than wy2, no radiation is emitted from 
an electron since «, =» =1, as previously pointed out 
by GinzBure [6]. 
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cyclotron radiation power is ae by 


ad W i ¢ nO Hc Vy | Det vy) dy, (83 a) 


wards 
0 j=l 
| where 
Fi(y)= (Fe eea}siny- (83 b) 
o=@ H 


The integr and )"F; (vy) is shown in Fig. 3 as a function 


0.54 
of @)2/on? and y. Fig. 4 shows the integrals [F; (y) dy 


which take, in particular, the following values: 


0 | : 3 ! [Fitdy=2—n/2, fF, () dy=n 
Fig. 3 Angular distribution of the cyclotron radiation for v2/c? < w,?/w? <1; 
from a positron in the non-relativistic limit, see Eq. (83). 
[F.@)dy=0, [Fs (y)dy=2 
It is interesting to compare a positron (¢= +e) 
with an electron (¢=—e). The radiated power from for o,2/on?=1; 
a gyrating positron under the condition (78) is calcu- ; 
lated to be [F, (y) dy =—(), [Fs (y) dy —() 
IW e®a2 v4? Ly 
“= ae = ee (82a) for w2/@H2>2. (84) 
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Fig. 4. Integrated cyclotron radiation from a positron 
in the non-relativistic limit, see Eq. (83). (Manuscript received on 3 February 1961). 
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WUKIOTPOHHOE H3J YUEHHE HVOHOB B MAA3ME 


B. WU. TMCcTyHoBHyY, B. J. WA®PAHOB. 
OPEHA JIEHUHA MHCTUTYT ATOMHOM SHEP MM. VU. B. KYPUATOBA 
AKANEMUM HAYK CCCP, MOCKBA, CCCP 


B paOoTe onpeaemeHa MHTEHCHBHOCTh H3/1YYeHHA OBICTPbIX HOHOB B XONOMHOM Ma3Me. DTA 3alaya BOSHHKIIA 
B CBA3H C HaO/IONeHHeM Ha ycTaHoBKe Orpa B ONpeNeCHHBIX PexKHMAX Pe3OHAHCHbIX MHKOB Harps xKeHHOCTH 
IAEKTPHYeCKOTO MOJIA Ha WHKSOTPOHHOH HOHHOH yacToTe Hw ee OOepTOHax. XOTA ykKa3aHHble HaOsOeHHA 
NPOH3BOAHIIMCh HE B BOJIHOBOH 30HE, CECTECTBEHHO OX%KUDAT, YTO OOHAPY2KeHHAA B IKCMEPUMeHTe 3ABHCHMOCTb 
YHC1a HAOMONAeCMBIX MHKOB OT TJIOTHOCTH XONOAHOM MNa3MbI MOKHA HaiTH CBOe OTpaxKeHHe MH B MHTCHCHB- 
HOCTH W3s1yYeHHA. PacteTbl NOKA3AIIM, YTO MPH YBEMMYeEHHM CKOPOCTH MOHOB H MIOTHOCTH Mm1a3Mbl MaKCHMyM 
MHTCHCHBHOCTH H3J1YYCHHA, DEHCTBHTeJIbHO, CMeLaeTCA B CTOPOHY BbICOKHX YacToOT. 

ITO CMeLeHHe aHAJIO“HYHO CMeLeHHIO MaKCHMYMa HHTeEHCHBHOCTH W3s1y4eHHA Tp CHHXPOTPOHHOM H3J1y- 
YeHHM SJICEKTPOHA, HMeFOWIerO CKOPOCTb, ONH3KyFO K CKOpocTH cBeTa. B cyyyae HOHOB B a3Me POlb CKO- 
POCTM CBeTa HrpaeT (a30BaA CKOPOCTL IEKTPOMArHMTHBIX BOJIH B MW1a3Me, KOTOPaA B CYLIeCTBeEHHOM TIA 
pacyeToB OONacTH OM3Ka K AbPeBeEHOBCKOH CKOpocTH cA = By/ (42 mij no)'/2. Tloxtomy BbIcoKHe o6epTOHbI 
MIPOABJIAFOTCA YKE MPH CpaBHHTeJIbHO HeEOOMbLION CKOPOCTH HOHOB VU~cA <c. 


1. Bsaenenne BOJIHbI U~c/N, TO HHTCHCHBHOCTb H3J1y4YeHHA MOET 
OKa3aTbCA TOpa3HO OObIUIe HHTEHCHBHOCTH JMMOJIb- 
HOrO H3Iy¥eHHA.* Kak BHAHO 3 MPHBeeCHHbIX HW%KE 
pacueTOB HOHbI MOryT W3Jly¥aTb He MeHbIIe, YM 
QJIEKTPOHbI, JBWKYLINeCA C TOM %*e CKOPOCTbIO B 
BakyyMe. bovibpuiad BesMYnHa NOKa3zaTeA MpesOM- 
jieHua N cylilecTBeHHO CKa3bIBaeTCA HU Ha CHeKTpasib- 
HOM paciipejiesIeHHH MHTeCHCHBHOCTH H3s1yy¥eHHa. V3 
T€OpHH CHHXpOTpOHHOrO U3sy4eHuaA [3] H3BeCTHO, 
4TO TIPH MpuOsIMKeHHM CKOPOCTH 3apAa K CKOpOcTH 
cBeTa MaKCHMYM MHTCHCHBHOCTH M3J1yYeHHA CMelika- 
eTCA C UMKIOTPOHHOM 4aCTOTHI Wpe—|e|B/(mec), 
Ha ee OOePTOHDE = Wpe, TpHYeM TpakTHYeCcKH 
mocturarotca 3HayeHua m~10°. TlogyepkHem, 4To 
ITOT 2:P(beKT 3ABHCHT OT OTHOLMCHHA CKOPOCTH 3apaya 
K (Pa30BOH CKOPOCTH 3JIEKTPOMALrHUTHBIX BOJIH HM He 
CBA3aH C PeJIATHBH3MOM. IlogtTomy npu N> |, korga 
(ba30Bad ckOpocTb BosH V=c/N<c, cmetjeHve 
MaKCHMYMa HHTCHCHBHOCTH CJleqyeT OXKUTATb axe 
IIpH CKOpocTv 3apsAa, BeCbMa asleKOM OT pesIATH- 
BUCTCKONM vV<c. KoneyHo, spekT CMeLUeHHA MakcH- 
MYMa MHTCHCHBHOCTH MarHHTHOrO H3Jly4eHHA HOHOB 
He MOxXeT ObITb TaKHM Ke CHJIBHbIM, Kak IIpH CHHXPO- 
TPOHHOM W3JIYYeHHH 9JIEKTpOHa, TaK Kak OOJIacTb 
yactoT, roe N> 1, B naa3me orpanuyena. IIpencra- 
BJIAFOT MHTepec MOITOMY YacTOTLI Ww =Mopi (m=1, 
2, 3...) CO CpaBHHTeJIbHO HeOOsIbLIMM HOMEepOM M1. 

Vi3nyyeHve 3apaa B MarHHTHOM Tose B cpele Cc 
moka3atTesiem mpenomieHua N> 1 uccieqoBastocb 
Lipiropuyem [4], KoTopbii, OfHaKO, NpesAMosaras 
cpeny w30TponHon. Vsinyyennto 3apaqa B Msla3Me 


B HacTosuei padoTe monyyeHb! PopmMyb WIA 
onpeqeseHHA HWHTCHCHBHOCTH U3J1y4eHHA ObICTPbIX 
MOHOB, JBYMKYUIMXCA B XOJIONHOM TWa3Me, Haxolsa- 
melca B MarHHTOM Move. 3amaya 00 U3s1yYeHHH HOHOB 
BO3HHKJIa B CBA3H C HAOJIHOWeHHeM Ha yCTaHOBKe Orpa 
Pe30HAHCHBIX MIMKOB HallpAxKeHHOCTH 93JIeEKTpPHYeCcKOro 
NMOJIA Ha WHKIIOTPOHHOM YacTOTe H ee OOepTOHax [I]. 
(Pexumbl, B KOTOpPbIX HaOHOavcb MHTeCHCHBHbIe 
MMKM HallpsAxKeHHOCTH JIEKTpHY4eCKOrO MOJIA Ha OGep- 
TOHaAX HOHHOM WHKIIOTPOHHOK YaCTOTHI, MOJTyYasMCb 
lIpH Hallycke B KaMepy Orpbl aproHa JO aBsIeHHA 
p=10-*-10-° mm. pt.ctT.). XOTA ykKa3aHHble HaOJIO- 
TeHUA MpOW3BOAMJIMCb He B BOJIHOBOM 30HE, TaK 4TO 
IA OObACHeEHHA 3B*cdbeKTa HeEOOXOHHMO pacc4uuTaTb 
cpeqHHH KBalipaT HallpAxKeHHOCTM KBa3HCTallMoHap- 
HOU 4acTH PIOKTYaWMOHHOTO IIEKTPHYECKOrO MOA, 
Te€M He MeHee eCTeECTBEHHO B KayecTBe MepBoro wara 
pelmMTb Oonee mpoctyo 3aa4y onpeseseHHA WHTeH- 
CHBHOCTH H3JIy4eHHA. DTa 3aa4ya, BepOATHO, MOXKET 
TIpeAcTaBMATb UW CAMOCTOATEJIBHBIM HHTepec AIA Wha- 
THOCTHKH [la3Mbl B JaOOpaTOpHbIx yCIOBHAX MW TIpH 
WCCIEHOBaHHH paMOU3yYeHHA U3 KOCMOCA. 

Visny4eHve HOHOB B Tsla3Me, HaxOJAeHcaA B Ma- 
THHTHOM lOve, OTMMYAeTCA PADOM OcoOeHHOCTEH, 
CBA3AHHBIX C OObIUIOM BeIMYMHOH MOKa3zaTelA mpe- 
JIOMMeCHHA Tako mia3Mbil. Kak u3BeCcTHO, B OOsaCcTH 
“HW3KMX YacTOT MOpATKa WOHHOM WHKIIOTPOHHON 
YaCTOTbl MOKa3aTeJIb MpesIOMIIeHHA TIa3Mbl PpaBeH 
IIPHMepHO OTHOIIeCHHIO CKOpPOCTH cBeTa K aJib(pBe- 
HOBCKOM cKopocTH N~c/ca. B OosbUIMHCTBe U3BeCT- 


HbIX CJIYUaeB AJA Wd1a3Mbil, HaxoWAWlevca B MarHuT- 
HOM Hose, ca <c, Tak 4TO N> 1. Ho yxe WHTeHCHB- * B w30TponHOM cpene c nOKa3aTenem mpenomienua N 
’ 


s TuoOanbHaA MHTCHCHBHOCTb V3YYCHHA 3apATAa, DBYKYWIerOCA 
HOCTb JMMOJBHOTO U3Ny4eHHA 3apAma B Cpeye C MOKa- ca pape 
3aTesem mpenomieHua N BN pa3 Oosbile HHTCHCHB- 
HOCTH W31y¥eHHaA 3apaqa B Bakyyme ((2], cTp. 367). se 
Ecsim 2Ke CKOpocTb HoHa O1M3Ka K ()a3z0BON CKOpOCTH 


Oe op? v? N 
e [1 — (wv Nie)??? 


2 
a 
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B. WU. NUCTYHOBHY, B. A. LIA®PAHOB: 


nocBAuleHbl padoTar DIHaMana [5] H TeBuceca u 
Po6Oeprca [6]. OnHako, ux (opMy.ibI MpucnocoOeHbI 
TOMbKO K OMpeesIeHHIO VW3syYeHHA IWIeKTpOHOB. B 
CuIeMYFOWIeM pa3zqese MpHBOAHTCA KpaTKO MeTO 
pacueTa H3J1yYeHHA 3apAda Oe3 KOHKpeTH3allMn BULA 
TeH30pa DICKTpHYeCKOM MpOHHuaeMocTH. 3aTem (bop- 
MYJIbI TIPHMeHAFOTCA K CoLyYakO, KOPMa W31yyaTesAMHU 
ABJIAFOTCA HOH (1; > Me). 

B Hactosiulei paOote mpeanosaraetTca, 4YTO 9TH 
HOHbI DBMOKYTCA B XOJOAHOM T1a3Me. ITO O3HAayaeT, 
4YTO HX CKOPOCTb V 3HAYHTCJIbBHO MpeBbillaeT TemnJIO- 
BYHO CKOPOCTb HOHOB M1a3MbI V > vp. IIpH ITHX yesiv- 
BHAX CHeUMPu4eckoe Pe3OHAHCHOE MOTIOULEHHE H3J1y- 
4yeHHA B Wla3Me OydeT He3Ha4HTebHO. CTOsJIKHOBH- 
TCJIbHbIM TOPsIOWeHHeM W3s1yYeHHA MbI TakxKe Oy eM 
lipeHeOperathb, C4MTaA, YTO MIOTHOCTb MW1a3MbI DOcTa- 
TOYHO Mara. 


2. Meroa pacueta 


PaccMoTpuM OHOpOAHy!to cpesly (11a3My), B KOTO- 
pou TBUXKYTCA 3apADbI C OMHOPOAHOHK MJIOTHOCTbIO 1,, 
(Obictpble HOHbI). TlorepH 93HepruH DBYWOKYLIMMHCA 
3apAaMH, CO3TaHOWIMMH B Cpee TOK C MJIOTHOCTbIO 
j u none E, papubr paOote noma Haq 3apagamu J: E 
(paOoTa CusIbI JIYYMCTOFO TpeHHA), B3ATOM C OOpaTHbIM 
3HakoM. Metoa pacuetTa 9sieKTpHyecKkoro HOA HU 
MOTepb 9HEPrHH B AHH3O0TPOMHOK Cpee W3JI0%KeCH B 
paOotax [uH360ypra [7] u gp. [8], [9]. Asa yao6ctBa 
W3JIOKCHUA TIPUBeEACM erO KpaTKO B CJIerKa U3MCHCH- 
HOH (opme. 

Pa3iox%xKuM Bce BemMunHbI E, j nu op. no niockuimM 
BOJIHaM 


E(r, 0) | Hee “)dkda. (1) 


Ana amnaiutya Exo, Jk, W3 ypaBHenni Maxkcsesa 
nosly4¥atca COOTHOLMICHHA 


kh? c? 4a. k 
{gr (Oxp—mup) —exp) Hp =i" jn,(n=Z). 2) 


5 
w* 


PemieHve ypaBHeHuit (2) uuIeM B BUTE 


E= )" Bia, (3) 


rae a; — COOCTBeHHbIC BEKTOPbI NOJIA, YHOBIETBOpA- 
FOWMe OAHOPOAHOK cucTemMe ypaBHeHHli 
{.N i? (6ag—Na np) —Exg} Ain = 0. (4) 


T.K. MbI T1peHeOperaem MOTOW[eHHeM, TO TeEH30P Exp 
IPMUTOB (é43 =Eg.*) HW U3 (4) cheayeT Takxke ypaBHeHHe 

{Nin® (6ag—Neop) —Epa} Ana =O0. (4a) 
Ycnosue O6palleHHA B HYJIb WeTepMHHATa CHCTeMBI 
(4) (usu 4a), ompenenaeT, KaK W3BECTHO, WBa 3Ha4Ye- 
HHA KBapata NOKa3aTesA MpesomMseHua N/? (/= 1, 2) 
KOTOPBIM COOTBETCTBYIOT {Ba COOCTBEHHbIX BeKTOpa 
aj. YMHOxKAaA (4) Ha ig, a (4a) Ha aig MU BELUNTaA 
3atem (4a) u3 (4), nomy4uum 


(Oag—Nx Np) On B Wey (Ni?2— Ny?) ==1() (5) 
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Mpu /4m, mHoxutenb nepea NP — Nm oOpauiaetca 
B HYJIb, Up /=m TMOO%KAM ero paBHbIM CMHHIC. 
Takum o0pa30M, HMeeM CJIeAyFOulee yCOBHe OpTO- 
HOPMUPOBKH BEKTOPOB ai: 


O* gin (Oxp —Na Mp) = Oim 5 (6) 


*% AT 28 a, 
Egp Aa Om p= Ni Om - (6 a) 


Bropoe H3 yCOBUM eCTb ciIeqCTBHe (6) u (4). 


TMogcraspsaa Tenepb (3) B (2) M HCHONb3yA yCIOBHe 
OpTOHOPMHpoBKH, HaxXOdHM Ex, B Bue 
2 


Ey, = Lxp 7p , Lup = on 


l=1 


4 Ti Ala * 1p 


(2) (ke]@)? = Ni? : 


— 
~s 
— 


BbipaxkeHne JIA CpeHHHX MOTepb IHEP, OTHECCH- 


HbIX K eqHHHuUe OObemMa O=—j (I, t)-E(, t) mosy- 
yaeTCd B BUe HHTerpasa, B KOTOpbIN BXOAHT Koppe- 
JIALMOHHaA (YHKUMA (ypbe-KOMMOHEHT IMJIOTHOCTH 
TOKa H31yYaTewen 


Vets Bk. w = Gap (K, ) oy) (kk) 0 (7 —«') C (3) 


B npHOsWKeHHH H€KOppesJIMPYHOULNX 3apATOB, KOTO- 
PbIM MbI TOJIBKO H Oy eM MOJIb3OBaTbCA, (pyHKUHA 
G.g MpOnNOpuwOHalIbHa NJIOTHOCTH 3apATOB MW paBHa 
[10] 

Gop — Ny Gap ; 


2 
aitee 


t 
Gap = Hah | ‘ay (t) vp (0) eft—kf VWOOAY dt Ss (9 
f (Qa)* \ U (¢) vB ( ) 0 pra ) 


——Ve8) 


3mecb V(t) — 3aKOH JBHXKeCHHA 3apsAya, yIrsIOBble 
CKOOKH O3HaYalOT yCpeHeHHe MO HauvasIbHbIM CKO- 
poctam Vv (0). 

Ecnu Bce 3apsabl MMeHOT OAHHAKOBYIO CKOPOCTD. 
TO yrlOBble CKOOKH HYXKHO omycTHTb. PaccmoTpumM 
9TOT ciyyan. 

Tlogctapa4 (8) B BbIpPaxeHHe AA O = —j(r,t) E(r,1), 
HaXOJHM WIA MOTepb IHEPrHu OAKHAM 3apsAOM: 
dE Q 

= — | Cha Lop dkd ow 
ft 


(10) 


3ecb MpedeIbl MHTerpHpoBaHHA OeckoHeyHbIe. Yun- 
TbIBAA, YTO NO ONpeeAeHUHO (8) Gzg= Gx, a TakKe, 
4TO cormacHo (9) Gag (—k, —w) = Gig (k, w) u ana- 
ormyHo)=—« Lag (—k, —m)= Lig (kK, m) (BcneacTBHe 
Exp (—k, —w) = eg (kK, w)), MO%KHO 3anucaTb (10) B 
Bue WMHTerpasia MO MOOKUTeIbHbIM 4acTOTaM 


ou le wearer fad (cRsTeed (11) 


0 


BetlecTBeHHad YacTb WHTerpasia Mosyyaetca mpu 
B3ATHM BbINeCTOB B MOKOCaX MOAMHTerpasIbHOro 
BbIPaxKeHHA, TOUHEe B MOMHOCAX Lyg (T.K. Ggx He MMeeT 
mosirocoB). Dynkuna Log MMeeT MosOCKI a) mpH 
(c/w)? = NP, BbIYeTbI B ITHX TOUKAX COOTBETCTBYHOT 
H3J1Y4CHHIO OOIKHOBEHHOM M HEOOBIKHOBEHHOM BOJH; 
6) mpu k->co wézz=0 (ocb Zz copnanaetT c HanpaBue- 
HveM k), BbIYeTbI B 9THX TOsFOCAX COOTBETCTBYIOT 
H3JTYYCHHIO NPOAOJIbHBIX BOJIH, WIM, YTO TO %*e CaMOEe, 


MOAPH3alMOHHbIM HOTepAM 3apsaqa, KOTOpble Hac 
3eCb He MHTepecyHorT. 

3aMeTHUM, 4TO BMeCTO B3ATHA BbIYeTOB, MO2KHO 
BbIMeIMTb 0-OOpa3Hyto IPMHTOBY YacTb TeH30pa 
Lye M Torga 3anucatp (11) B Bune 


dE Sees aoe 
— =—2[de[G,, Lip dk, A= 
0 


Ni 


(Lag + Lipa) 


(11a) 


OrpanuunBasch paccMoTpeHnemM motepb Ha H3J1y4e- 
HHe, MpeANOSOKUM, 4TO Cpea OOanaeT GecKOHEYHO 
MaJIbIM TOrmoufeHvemM (Im N/?=«%>0). Torna 3Ha- 
MeHaTesIb B Lyg UMeeT BUT 


1 iG ie oa ied 111 
agin 2 ge : eta (+0) ae | 10 (a), ( ») 
rie P — oneparop ,,rmaBHoe 3Ha4eHHe™, 0(x) — 
0-(PYHKUHA. 
TakuM oOpa30m, 
, : ro , ke c > 
L~—=—») td ( 5 —Ne| (12) 


V3 BeipaxeHuit (11a) nu (12) cnenyer, YTO MOCcKOsIbKy 
(Ac/m)?>0, u3mny¥eHHe MpOHCxXOOHT B Tex OOacTAX 
yacToT M yruoB, roe N?> 0. 

BxogalMi B BbIPaxeHHe (11a) TeH30p Gz yHOOHO 
BbIUMCJIMTb B CHCTeMe KOOpAHHAaT, rae MOCTOAHHOe 
MarHuTHoe ose By HalpaBseHO M10 OCH Zp, a BeEKTOP 
k exKHT B MIOCKOCTH Xp, Z 9. Onyckad mpoctbie BBbI- 
KjlaKH, TIpHBeqeM pe3yJIbTaT 


Ga ae = TT 8 ( «o—k)v)—m op) (13) 
m= co 
7) =v? ae TYPUDNS 
TT, = — TT yony = 31012 Tl) In'(A) 
TE — v2 Fy'2(2), 
tO yet ITS), = =—]0, V - J m(A) Fm’ (A) , 
eee = uj? Fm? (A) , 
1) = TT = vy V|| > J m (A) . (14) 


3necb Vv, UY) NoMepeyHad U MpOMOMbHad (OTHOCHTEIb- 

HO MOCTOAHHOrO MarHHTHOTO MOJIA) KOMMOHEHTbI 

ckopocTv 3apsfa-u3iy4atema; k,, kj —coorsetctBy- 
* yOUIMe KOMMOHeCHTbI BOJHOBOTO BeHTOpa Kk, 


pa eh wpa evi fi. 


OB MgC 


(15) 


B toi *e cucTeMe KOOpAHHaT BeKTOpP a MMeeCT BUT 
(cos 6 =k,/k): 


t= Oy AiO, Lid. 


(16) 


He = H,. cos)—a,, sin 6 . 


LIMVKJIOTPOHHOE VM3JIYUEHUE UOHOB 


Ja XosIOMHOM m1a3MbI, 


KOr Aa TCH30p Egp UAMECeT 
KOMIIOHEHTBbI 
Ex, Xo Si Yo —e* Ex, = —_ ] ? exo Yo SS itnets ig z 
5 <0 = Ey “0 Ex, xo a €z, Yo — 0 ’ ( I 6a) 
BeCJIHUHHbI Axy5 Az, u N? Onpe AeCIAKOTCA BbIPaxKCHHAMHU 
r INC — es . N?qsin 6 cos) 7 
i ) LS ee To “9 9 ‘ 3 ‘ 
AY g 0 N? (esin?6 + 4 cos?0) — en ee 
= 2 («2 — q? 
Ae = (92) 


e*—g"\ . / 22 g2\2 ; 
Bee eg et Jsinto Ne \/( at sin’ @ +49 cos? 6 
1) 


(18) 


Bpruncsiaa BxogAlyro B (Ila) cBeprKy IT po!") dy ap*, 
HaXOJUM 


9 


m | ) ’ 2 
IT 3x a az = ae tee | eg “| 0429) IA) Vi Im (a). 
(19) 


B cymMMe, olpesesarouleH 3Ha4yeHHe Gz,! wWeseco- 
oOpa3HO Mp CyMMHMpOBaHHH TO OTPHUaTesIbHbIM 171 
3aMeHHTb m™ Ha —m. BoimouHsaAA B (11a) uHTerpupo- 
BaHve 10 k c TOMOLIbIO 0-(pyHKIMi, BXOTAULMX B 
Lag’ (12), Mony4uM BbIpaxkeHue IA TOTepb Ha M3J1y- 
yeHHe B CJIeAYFOUeM Bue 


ew Ny 
“7 a = 53H arf Oe Lax 


I=1—-1 


co 


{15 + (Int Ln), 


m=1 
(20) 


Tq = (X29 Yj) + V1 Jo’)? 6 (@ — oP Nip), 


m2 Vv 


VE = [ (xq — ar Xz |) Jn a5 v1 Im’ 
x 6 (m —mog— of, Ni) 
1M UO 
Ins — [(Axg ; ne - Az U})) Jn Sees Ui J m]” 


x d(m + mag— wp Nip). 


3necb fi =v/c, apryMeHTOM (byHkunit beccesia ABJIA- 


etca Ay=(m/wp) (v_/c) M Vie ww. ApryMeHTpl 0- 
(PyHKUMK TOKa3bIBaroT, 4TO /,) ONpeAesIAeT YePCHKOB- 
ckoe u3s1yu¥eHve 3apsa, J, — WMKJIOTPOHHOe H3J1y- 
yeHHe C Yy4eTOM HOpMasIbHOrO oriMep-9ppekta 
(npn mp>O), /-m— wu3syy¥eHHe C y4eTOM aHOMAaJIb- 
Horo gonmmep-spdexta [11]. Met Oynem B AasbHen- 
IIeM HHTepecoBaTbcA U3JIYYCHHEM TOJIbBKO Ha pe30- 
HaHCHbIX YacTOTaX =m WB, KOTOPOe OMpedeAeTCA 


cylaraeMbiM C In. 


3. Wai1y4enne HOHOB B XOJIOHOK M1a3Me Ha pesoHaHc- 
HbIX “aACTOTAX 


BenuunwHa  oka3atTesid mpesoMseHuA pH 
o~m wopi(m=1, 2, ...) 3aBHCHT OT 3HadeHHA Mapa- 
MeTpa umsiiglon. ‘\pasHoro OTHOLICHHIO JICHTMHO- 
poBcKO MOHHOM YacTOTbI K HOHHOK IMKIIOTpOHHOK 
yacToTe, WJIM, UTO TO Ke CAMOE, OTHOLICHHIO CKOpOCTH 
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B. UW. MUCTYHOBHY, B. J. WA@®PAHOB: 


cBeta K aylb(pBeHOBCKOM cKopocTH. JIA BOAOpOAHON 
mla3Mbl 9TOT HapamMeTp paBeH 


_ 9,14 no 


ase 


A (21) 
BbynemM mpemnonarath, uto A>. pu By=3- 108 
raycc (OObI4HO HCHOJb3yeMoe Mose B Orpe) 9TO ycso- 
BHe BbINOJIHACTCA TPH Ny > 5-108 cm %. 3ameTHM, 4TO 
Ha Orpe B TeX pexKUMaXx, Pe CYLIeCTBCHHO MpOABJIA- 
FOTCA Pe3OHAHCHble MMKH HallpaAXxKeHHOCTH IIeKTpHye- 
ckoro mosA Ha oOGeproHax (m~3-4), MIOTHOCTb 
XOJIOMHOM M1a3Mbl MpeBOCXOAHT 3Ha4yeHHe y= 10° 
cm-3. B 6onee mOTHOM nIa3Me (> 10") ycnoBue 
A> 1 3aBeHOMO BbINOJHACTCA Mp JIKOOBIX peasIbHO 
TMOCTWKUMBIX 3HAaYeHHAX Bo. 

IIpu ycnosun AS 1 BesMYHHBI & g, 7, ONpedeA- 
FOULME MOKA3aTeJIb MpPeJIOMJICHHA WH BEKTOP MOJIAPH3a- 
IMM a, paBHbl (v= ~w/Mpi) 

A? Ax 


= 95 % 


m;, A* 


é=- y= — ie 
/ ite, We 


qY = 
(mj, Me — MaCCbl HOHA H IJIEKTPOHAa, COOTBETCTBEHHO). 

Bosibiiad BeEIMYNHA KOMIMOHCHTbI TeH30pa IIEKTPH- 
YeCKOM TIPOHMIaeMOCTH éz,z,— 7 O3HA4aeT, ATO TIpO- 
HOJIbHOe (MO OTHOWeHHIO K By) s1eKTpH4eckoe Mose 
Ez,=Dz,/y Mano (OHO YHHYTOKAaeTCA [BMXKeEHHEM 
QIEKTPOHOB BOJIb MarHHTHbIX CHJIOBbIX JIMHHM). 
Kak BugHo u3 (17) u (22) (az,/a%x,)~me/mi< 1. Ony- 
CTHM MO93TOMY cyaraeMoe C az, B (20). IlpousBons 
MHTerpHpoOBaHhHe MO ~™, MOJYYHM JIA HHTCHCHBHOCTH 
W31y4eHHA Py» Ha Pe30HAHCHbIX YaCTOTAX (CJlaraeMoe 
c J, B (20)) aa KaxKDON 43 DByX NoJApH3aunH: 


Oar 4 
Pn = Pv 2A - pm, (23) 
1 m . 2 

Din a a Jn (AS Jin (A) 
(Diy == 1 a oo? : a [P| ra, du ’ (24) 
ee (25) 

D7 jee? \ ee 

L = Oy = Lol alles (26) 


B3necb A= f, xn V1 — p2; noguHterpasbHoe BbIpaxke- 
Hue B (24) cheayeT OpaTb Npv 3HayeHHH x, yHOBIET- 
BOPAFOLeM YpaBHeHHtO (HYJIb apryMeHTa 0-(byHK- 
WH, BXOAALLeEH B Jn) 


mm 


Cv SS = ~ 
1—By- wn (a, 1) ( 


B dopmysiax (24—28) pBenenbt o6o3HayeHHA 


on V1 of vI 
gos hj ee ee, ye 
py ; ca? P2 : fe a 


Jad BeIMYMHbI n Tosyuaem u3 (18) c yyeTom (22) 


2 
Me 


lt oo? ie ala, «. Wile, aX. 
+ = —_37(1— yu?) 2. Va-n ) (1+ “ens) + 407? 
(30) 


1 


3aBHCHUMOCTb KBalipaTa MoKa3aTesIA MpeJIOMJIeHHA 
OT YacTOTbl M300paxeHa Ha pHc. 1. Kak BHHO, 


| Ww 
sala TRE 
B 


w4 
-—I 


as 
Ea 2 


Puc. | 


ni2>0 Bo Bceii paccmMaTpHBaeMoH OOsIacTH YacTOT, 
Torga Kak n_?>O sub Ip x< x,, rye 


fi Z | (31) 
\e+ Was, (I = he) 


mj 


B BbipaxeHun Id ny” cilaraeMble C Mme/mi MOXKHO 
onycTutb. Ja n* 9TO MOX%KHO CyesaTb JIMWb LIA 
yrIOB BHe y3KOrO KOHyca p= (me/mi)?. Yupoutexr- 


Hoe BbIpaxkeHne Wa ni. umMeeT Buy [12] 


(32) 


PaccMOTpyM CHayaJia W3JIyYeHHe BOJIH, XapakTepH3y- 
FOLWHXCA MOKa3aTeJIeM MpesomseHud N. = An. DyHK- 
uua F B 9TOM ciyYae paBHa 


Ade | ick 


F=1—B,yn,(1— ). (33) 


A/ | 4: 2 (2a?—1) pe ut 


Bem4nna pm Oblia ompewesweHa YHCICHHbIM HHTe- 
rpHpOBaHHeM IIpH pa3sIM4HbIX 3HAYeHHAX MapaMeTPOB 
6,, Py Um. Pe3ynbTaTst npHBegeHbI B TaOsnue I. 
U3 TaOsMubl BUHO, Kak C yBemMYeHHeM f,=v,/cA 
MaKCHMYM HHTeCHCHBHOCTH M3J1y4YeHHA CMeLaeTCA B 
cTOpoHy OoubUHx m”*. 

OOpaulaeT Ha ceOA BHUMaHHe TOT (pakT, 4TO TIpH 
MaJIbIX [y= 1\/C4 WHTCHCHBHOCTb W3JIyYeHHA Ha 
IMKIOTPOHHOM YacTOTe 3HaYHTeJIbHO MeHbILe, 4eM 
HHTe€HCHBHOCTb M3JIy¥eHHA Ha COCeqHUX OGepToOHax. 
UTOObI BHIACHHTh NpH4nHy ITOTO pa3zM4NA paccmo- 
TpuM (POpMyJIbI JIA u3yYeHHA TIpu fP,—=0 B npegno- 
Jlowxkenun A< 1. V3 (28) cnenyer, uro x =m, Tak 4TO 


* 3amMeTHM, 4TO Kak cHenyer H3 (23), HHTCHCHBHOCTB H3J1y- 
4eHHA HOHA MOMKET CpaBHHBaTbCA C MHTCHCMBHOCTbIO AHIMOJIb- 
HOTO H3J1YYeHHA 3IeEKTPOHA B BakyyMe pH Apm~(mi/me)?. 
Kak BuaHO 43 TabnuUbI pu 6y~1-1,5 u m> 20, Pm WocTuraeT 
3HayeHHi > 10°. Tak ro npn A > 103 cymMapHaa MHTCHCMBHOCTE 
M3JIYYCHHA WOHA MO*KET OKa3aTbca OONbUIe HHTCHCHBHOCTH 


AMNOJbHOLO W3JIYYeHUA QNEKTPOHA, ABUKYyIerOcA Cc TOI %*e 
CKOPOCTbIO B BakyyMe. 


LUKJIOTPOHHOE U3JIYUEHHE UOHOB 


TABJIMIA I. 3xauenus pm. 


m ] Zi = i o~ >= = 
—— 1 2 : 5 ‘ leis 
By B, 3 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 | 38] 40] 42 
‘or See Mee nes 2 ee 
0,1 | 0,01] 2,6-10-* | 4.2-10-3 3,1-10-4 : a a is - 
0,1 | 1,4-10-4 | 4,3-10-3 | 3,1. 10-4 | | 
0,5 | 0,05 | 7,6-10-4 | 0,11 0,17 10,14/5.8-10-2 | 1.7. eat rae oleae i iF - | 
05 |'7,1-10=* (0,13 0,18 0.15 | 6. 10- 1.7-10-2 
~ : z i oe tar {re | | 
0,7 | 0,07 | 2,8-10-3 | 0,21 0,55 0.8 | 0,95 0.81 |0,5910,401025| | | \ eee | = eee 
be s : Or so 0 Me 559 | 0,40 | 0,25 | 
0,7 2,3: 107 0,29 0,65 0,9 1,03 0,86 0,62 | 0,41 0.26 | 
0,8 | 0,08 | 4,6. 10-3 | 0,28 | 0,84 lite ees 51 32 131 los loa |o ; xf. rer ailhOtG il Wael) all a | 
; 28 8 25 || 2.5 : 319) Si) oie iia.a) Is 713 3107 
0,8 | 3,8-10-2| 0,4 11,04 1,7 |2,8 133 3,4 | 30 29 os 5m Ce seh ie | 
| 0,9 |0,09]7.10-* Joss | 1,2 J2,4 [54 8,7 fi2 is [a7 Jao [or |22 |22,9123,1/ 228102 121 20 T 
1,0 | 0,1 | 1,1-10-2 | 0,43 1.6 13.5 |9.6 18 Iso [44 ler lei ys | 7 | 220 | 2: | - 
L-10-? | 0,43 ; 3,5 | 9, 61 |si | 103 | 128 | 156 | 187 | 220 | 255 | 2 
1,0 |9,6-10-2 | 0.75 2.2 4,3 | 11 20 132 |46 |64 |83 | 106 | 131 liege lear eee 
+ = at) | | 
1,3 | 0,13 | 2.8-10-2 log ~ A |i ¢ ean nan F ; pleat ee 7 eli 
| 8-10 0,7 8 jes | 20 41 65 88 108 | 125 | 143 | 168 | 208 | 267 | 345 | 436 | 527 | 608 | 668 | 707] 731] 755] 797 
=] = ‘s — = — — ——_,— —— ;—-+~ ——— = 
1,5 | 0,15] 4,6-10-7|0,87 | 3,1 {6,8 |1 | 22 }29 |/46 |75 | 105 | 122 | 131 | 152 | 202 | 265 | 309 | 322 | 333 | 382 | 475 
| i! 2 ee | 
3,0 | 0,3 | 0,26 0,46 1,0 12 [2,3 | 4,0 6,0 ele eat a a i 
ue = fe : | | Faisal = He = 
1 > 
nt (14 a)2 42 (m1) Ba farl< 1 Monaras, coracuo (28), x=1+f, un, 
Pines |i cases 23" Fm — 1) Tp du (34)  nosmyyaem u3 (30) npnOsmKeHHO 
=7) 
9 =i 2 
— n*(1—m?)—1 (— — Ioee (36) 
= - Me 5 : 
th, yi be te S(T we) 
Mi 
») 
n? = — — (35) 
; = —- or O) =. eo 
T+ p*++/1 + 2 (2m? — 1) pw? + 4 Mpa 1>p>> (m-/mi) (2 62) = by? MOxKHO ToONO- 
A st : 
fomgie KUT n= — (2 B, n_ pu), T.e. |n_ Bo ul? = B,?/2 (Tak 
— / 2 | 
A= By mnv 1 — p?. 4TO ycmoBHe | P, “n_| < | cBogutcak fy < 1). Ucnonp- 
3yA 9TO 3HAYeHHE N_, TOJTYYHM 
IIpu m=1, kak BuQHO, « =—1 MH, cHeqOBaTesbHO, 
p,—9. Takum o6pa30M, B DHNObHOM NpHOmMKeHHH Mo 


W3J1yYeHHE BOJIH pacCMaTpHBaeMOlt NOMApH3allHH Ha 
UMKIIOTPOHHOH YacTOTe OTCyTcTByeT. B cay4ae H3sy- 
YeHHA QICEKTPOHOB TaKOli %Ke pe3ysbTaT ObI MoNy- 
4yeH B padotax [5], [6]. Yconosue «=— 1 (4x9 =— 1) 
O3HaYaeT, YTO MpOeKIMA BWIEKTPUYeECKOFO BeKTOpa Ha 
MJIOCKOCTb, MepmeHINKyAPHY!O K MOCTOAHHOMY Mar- 
HHATHOMY MOJIKO, BpalllaeTca MO Kpyry HW Mp 9TOM B 
HalpaBJIeHHH, MpOTHBOMOJIOXKHOM BpallleHHto 3aps aa. 
OtcyTcTBHe pe30HaHCca Mex Ty 3apxOM HM TIOJIeM U 
ABJIACTCA TIpH4YHHOK OTCYTCTBHA H3J1y4eHHA. 
3aMeTHM, YTO MPH OOUbUIMX 3HAYCHHAX 7 B HHTEC- 
rpane (24) ocHOBHOH BKJIaq WatkoT MaJible 3Ha4yeHHA 
f<1/m. B sto OOnacTu yrs0B n= 1, Tak 4TO COOT- 
BeTCTByIOUladt (pa30Bad CKOPOCTb BOJIH O61M3Ka K 
aJIbBeHOBCKON CKOopocTu V~c4. Dopmyia WIA WoOKa- 
3aTellA mpesomseHna (32) NpvrowHa JIMUIb WIA Ya- 
CTOT, He MpeBbIINarOUIMX HHWKHIOIO THOpHHy!O 4a- 


CTOTY [13] (0) oni Al 


m He TOJDKHBbI 


uven. 


BonHbl Cc moKa3aTeseM mpestomieHna N_=An_ 
MOryT H3Jy4aTbed TMWIb MpH x<x,< 1 (31). Upu 
fP,=—0 (aBuwxKeHve 0 OKpyxHOCTH), CorsacHo (28) 
x=1(w= opi) HW, CHeMoBaTesbHO, U3Ty4eHHe OTCYT- 
crsyet. [pu f,40 (aBwxKeHHe 0 BHHTOBOM JIMHMNH) 
pe30HaHcHad YacToTa CMellaeTca pH P, 4 <O Bese s- 
cTBHe yommsep-apdekTa B cTOpoHy Ooslee HM3KHX 
yacTOT H, CJIeHOBaTesIbHO, W3JIyYeHHe MOABJIACTCA. 
OnueHuM efO MWHTeHCHBHOCTB B_ TpeAMOJO%#KCHHH 


& m/Me _ 
m;|/Me+ A? 


IpeBbilllaTb MeHbIyHO M3 Cue Dy- 
FOLUMX ZBYX BesIMYMH: (mj/M¢)'!2, A. 
O6patumcs Tenepb K BOTHaM C Apyroi nomapusa- 


XOMMTCA Ha 4YaCTOTHI, 
®= pi X, TIpu KoTopon N_* 
oOsacTH W3JyYaeMbIX YacTOT 


1/, 
* TaK 4TO 3Ha4eHHA 


yacTtory. 
Ec y4HTbIBaTb TOJIbKO 


(37) 


Braroyqapa MHOXKUTEIO mi/Me HHTCHCHBHOCTb H3- 
JYYeHHA OKa3ZbIBaeTCA (MaKe MpH HeOombuMX /,) 
O4eHb OOMbINON. DTOT pe3syIbTaT ABJIACTCA, OMHAKO, 
CJIeCTBHeEM UeasM3alHH UCXOJHBIX YCJIOBHH, TMpH- 
BOJALIAX K BO3MOXKHOCTH Kak YTOHHO OOJIbLIMX 3Ha- 
yeHun N_. HetpyqHo BuyeTb, YTO BCe H3J1y4¥eHHe MpH- 
BeCbMa OJIM3KHe K 4acTOTe 


=oco. 3HaueHve N_? B 
OKa3bIBaeTCA TOITOMY 


BecbMa OosbuIMM N_* A? (mi/me). Tlogtomy mp 
OnmvcaHHuH peasIbHOH TWia3Mbl CeaqyeT YYHTbIBAaTb 
(pakTOpbl, MpuBOAAUIMe K OrpaHHyeHHto 3HayeHH 
N_?. Takumu (bakTopaMH MOTYyT ABHTbCA TeIMJIOBOe 
JIBUKEHHE 3APANOB XOJIONHOM MIa3Mbl, AX CTOJIKHOBe- 
HHA, HEOMHOPOTHOCTbh MarHHTHOTO Moa. Orcrona 
cileayeT, 4YTO Mp CpaBHeHHH 9KCMePHMeHTAJIbHbIX 
TaHHbIX TO H3MePpeHHFO pe3O0HAHCHbIX MHKOB Halips- 
%KCHHOCTH 3JIEKTPHYeCKOLO MOIIA C HHTCHCHBHOCTbIO 
W3JIYYeHMA, paCCUMTAaHHOH B HacTOsAIUeM paOoTe, cye- 
lyeT WCKIOYaTb U3 PaCCMOTPeHHA IMKIIOTPOHHYtO 


o6epTOHbI (W = Mm wRi, 


m=2), TO cMellleHHe MaKCHMyMa WHTeCHCHBHOCTH 
W3Iy4eHUA TIP yBesM4eHHMM Mapametpa f,=(v,/c) A 
HaXOJMTCA B KaYeCTBEHHOM COrsIacHH CO CMeLIeHHeM 
HaOsHoOaembIx [1] pe30HaHCHbIX MHKOB HalIpsxKeH- 
HOCTH 9JIEKTpHYeCKOrO TOJIA pH yBesIM4eHHH MWIOT- 


HOCTH XOJIOMHOM H1a3Mbl (HAaNOMHHM, 4TO A~V 1): 
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B. U. TIMCTYHOBHY, B. J. LWLA@DPAHOB: 


4, OOcyxTenne pesy/IbTATOB 


IlpuBeneHHble BbILIe pacueTbl MOKa3bIBalOT, 4TO 
HHTCHCHBHOCTb H3J1YYeHHA ObICTPbIX HOHOB B XOJIO- 
HOM mIa3Me pacTeT C yBeJIMYeHHeM TIJIOTHOCTH TO- 
cilenHeH. Xapaktep pacmpeesIeHHa WMHTCHCHBHOCTH 
U3J1IYYCHHA TO TaPMOHHKaM TakxKe CYLUeCCTBCHHO 3aBH- 
CHT OT MJIOTHOCTH Mla3Mbl; Mp yBesIMYeHHH TJIOT- 
HOCTH MpOUCXOAUT CHBUT MaKCHMyMa WHTCHCHBHOCTH 
H3JIYYCHHA B CTOPOHY BbICOKHX OGepTOHOB. Oba 93TH 
OOCTOATEJIbCTBA, NOBUJHMOMY, MOXKHO HCMOJIb30BaTb 
B JMarHOCTHYeCKHX leJIAX JIA OMpeeIeHHA TMIC7- 
HOCTH [1J1a3MBI. 


CnefyeT, OHaKO, UMeTb BBUAY, YTO MpvBeAeHHbIe 
(POpMyJIbI Ope esIAFOT MHTCHCHBHOCTb H3J1Y4eHHA Ha 
OoubIUIMX paccTosHHaAXx R10 cpaBHeHHto C H3J1y4aeMon 
IJIMHOK BOIHbI A. B tabopaTOpHbIX ycuOBHAX Tpebo- 
BaHHe R>J/ BoinosHAeTCcA (ec AHTeHHA HAXOJMTCA 
B 111a3Me) Mp CpaBHHTeIbHO OOJbUIOM MIOTHOCTH 
la3Mbl, a HMCHHO Tpit 


,TOrOHHOe YHCMO HOHOB” B cTom6e 
m — HOMep H3sJ1y¥aemMon 


(Ni=ny:a a? — 
W1a3Mbl palWycom a, 
TapMOHHKH). 
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B 3aksIKO4eHHe ABTOPbI BbIpaxkarloT rryOoKyro Osa- 
ronapHoctb A. E. BAXKKAHOBOM 3a mpoBeneHHe 4H- 
CJICHHbIX PacyeTOB. 
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ANEPHbIM CUHTE3 1 (1961) 195-197 


H3MEPEHWME SJEKTPOHHOKM TEMMEPATYPbI MJIA3MbI 


B MOWHONK YAAPHOK BONHE 


@MUNMNNOBA T.V., ®usMnnoOB H.B., KYPHH B. B., BUHOrPAOB B. IT. 


OP]IEHA JIEHMHA MHCTUTYT ATOMHOM SHEPrMM UM. VU. B. KyPuATOBA 
AKAXEMUM HAYK CCCP, MOCKBA, CCCP 


MetTooM BbiTecHeHHOrO MarHHTHOrO NOTOKA H3MepeHa IIEKTPOHHAA MpOBOAMMOCTb HeitepveBou m1a3MbI 
3a CHJIBHOH yapHoH BoHOM. IIpu ckopoctsax yaapHoit BOsHbI OT 0,9-107 no 1,25-107 cm/cek HaiineHa 97eK- 
TPOHHas Temnepatypa B 50 vu 90 eV. IIpospeneno cpaBHenne NOMyYeHHO seKTPOHHOM Temnepatypbr c paccun- 
TaHHOH 10 CKOPOCTH yoapHoH BONHEI. I1besoaTeKTpHyecKkne H3MepeHHA MH CKATHE TIAa3IMbI CHJIbHbIM MarHUT- 
HbIM MOJIEM HasIM OHO WH TO %*e€ 3HaYeHHE TAa3OKMHETHYeCKOrO DaBJIEHHA Wa3MBI. 


BsBeyenne 


VUccnenopaHus, MpoBOAHMBble C LebHO NosyYeHHA 
ylpaBJIA€MbIX TEPMOAEPHbIX peakUHii, MOKa3asIH, YTO 
MMIMYJIBCHBIM pa3pA MOXKeT CIyKHTb HCTOYHHKOM 
CHJIBHBIX yapHbIX BOJIH [1]. 

OHM H3 BapHaHTOB CO3aHHA CHJIbHbIX yapHbIXx 
BOJIH ABJIACTCA MMIMYJIbCHbIM pa3paa B WHIMHOpH- 
yecKOH KaMepe. Ilo ocuw kKaMepbI OOpa3yeTca m1a3- 
MeHHBIM LWIHyp, B KOTOPOM M1a3Ma HaxoUTcA Nod 
OOJbWIMM aBIeHHeM H3-3a nmHHY-3cpdekta. Ecuu B 
guleKTpowe KaMepbl CieaTb OTBepcTHe MO OCH HU B 
oTBepcTHe NOcTaBHTb WHIMHApHyeckyto TpyOKy, TO B 
MOMEHT MaKCHM€aJIbHOrO C#KATHA MHMHY Oy eT DelicTBO- 
BaTb KaK MOpUIeHb, Meped KOTOPbIM oOOpa3yeTca 
yHapHasd BOsJIHa, pacipoctTpaHsAroulasca mo TpyOKe c 
OoubWIOK CKOpOCTBWO. OnpedesMB NapaMeTpbi M1a3Mbl 
3a YyHapHoOw BOJIHOM, MOXHO CieJlaTb HeKOTOpbIe 
BbIBOJIbI OTHOCHTeJIbHO COCTOAHHA TJ1la3Mbl B UMJIMH- 
jpuyeckou KaMmepe. 

B [1, 2, 3, 4] u3y4yanocb NoBeaeHHe ra3a, HarpeToro 
yHapHou BOHOHK, C MOMOLIbHO HMMyJIBCHOrO pa3pxAla. 
OHako, BO BCeX yKa3aHHbIX paOoTax CyleCTBeHHbIM 
HE€OCTaTKOM ABJIACTCA TIPHCyTCTBHe B IIa3Me, DBH- 
*yleHCA 3a yapHOH BOJIHOM, MarHHTHOTO MOI, 
CBA3AHHOFO C OCHOBHbIM pa3pAJOM. 

B naHHOou paOoTe MarHuTHOoe Ose OCHOBHOLO pa3- 
pala He IpOHUKasIO B TpyOKy, MO KOTOpOH pacrpo- 
cTpaHsslacb ytapHad BosIHa. Ha TpyOky HaMaTbIBaJIMCb 
BHTKH, OlpedeArOlWMe MpOK3BOAHYHO MarHUTHOTO 
noma. IlpeaycmatpuBanocb mocseqyroulee MHTe- 
TpHpoBaHve cHrHasIa Ha ycuIMTee OcuMIOrpada. 
Vismepenua moka3asiv¥, 4YTO MMIMysIbC MarHATHOrO 
HOJIA OUCH Masi UM ObICTpO 3aTyxaeT MO Mepe pacnpo- 
cTpaHeHia ylapHoi BouHEI (3a BpemA 0,5 msec). 
Hanuune takoro csa6oro MMMyJIbca MarHuTHOn 
“KOMIIOHCHTbI MOXHO OObBACHHTB Kak pe3yJIbTaT 
HeKOeroO HepaBHOBeCHOrO IIpolecca, MpoucxoAmMero 
3a yapHow BOHOM cpa3y Mocie OOpaz0BaHHA yiap- 
HOW BOJIHBI. 

OrTmetTuM, 4TO B paOote [5] MarHuTHOe TOJIe, CBA- 
3aHHOe C OCHOBHbIM TOKOM pa3paa, HMeeT OOJIbLLytO 
BeJIMMHHY WM paciipocrpaHsxeTca BMecTe C MOTOKOM 
mla3Mbl, DBWKYWeicA 3a (PPOHTOM YapHOM BOJIbHBI. 
B omucpipaeMoum pabotTe reoMeTphA 9KCIIepHMeHTa 
HCKs1FO4asIa NPOHMKHOBeEHHe OCHOBHOTO M01 B TpyOKy. 


1. Onpejestenne 91eKTPOHHOH TemMnepatypbr 7. W1a3MbI 
3a yapHOH BOJIHOH MeTOOM BbITeCHeHHOrO MarHHT- 
Horo NoTOKa 


1.1. TEOPETUYECKVE MPEANOCbBLUIKU 


I]a3mMa, DBWKYyWaACA 3a yapHOH BOJIHOM B MOCTO- 
AHHOM TpOMOJIbBHOM J[HarHOCTHYeCKOM MarHHTHOM 
mosle, AHAJIO“MYHA TPOBOAHHKY C TIpOBOAUMOCTbWO Oo, 
ompeqesAeMON WIeEKTPOHHOM TemMMepatypon Te. 

Peis 3aqa4y O MPOHVKHOBeHHH MarHuTHOrO MOA 
BHYTPb TJla3Mbl, HaWeM ee MpOBOAMMOCTh B Ipes- 
MOJIOKEHHH, ATO: 

1. o=const. Mo ceyeHHto U AIMHe (mIa3Ma UMeeT 
(popMy HeCKHMaMeMOrO LMJIMHpa, paduyc Ko- 
TOporo MeHbille, HO MOxeT ObITb CpaBHHM Cc 
TOJIMWMHOW CKMH-CJIO‘). 

2. ¢=const. mo BpemMeHH. 

3. Bpems BileTa m1a3Mbl B MarHHTHOe MOsIe MHOFO 

MeHbIIIe, 4M BpeMA AMppy3HH 10s BHYTPb Ma 3MBI. 

Ec nmepeitu B CHcTeMy KOOPAHHAaT, DBHKYLLYIOCA 
CO CKOPOCTbHO, paBHOM CKOPOCTH Vz Na3MbI 3a yap- 
HOH BOJIHOM, TO 3ama4a cBOAHTCA K cieayroulen. B 
MOMEHT BPeMeHH fy BKIIFOYACTCA TIPODOJIbHOe Toe 
H,, KOTOpoe MpOHUKaeT BHYTPb HeMOABMXKHOU I11a3- 
Mbl. Tora W3 ypaBHeHHi: 


1 OH 
rotE see at (1) 
Lobe =a) (2) 
E=1; (3) 
cilenyeT, 4To “ 
: 4na0 


Bsenem cbyHkuuto F(r, t) Takyto, 4TO 


H (r,t) =F (r,t) + Ho (5) 
rue Hy, — mole, B KOTOpoe BuIeTaeT N1a3Ma. 
Torna (4) 3amuuetcs: 
Ie OF _ 4x0 an (6) 
r Or or co Obi 


ITO ypaBHeHHe TeMMOMNPOBOAHOCTH C TpaHHN4HbiM 
YCJIOBHEM : 
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Tr. U. OUJIUNMOBA, H. B. PUJIMTMOB, B. B. KYPUH, B. IT. BUHOLPASLOB: 


tO (7) 
rie ry — padwwyc mia3Mbl HW C HavaJIbHbIM YCJIOBHEM : 
F(r,0) = —H, (8) 


PeuleHwe WMeeT CIC AYIOWWHH BHI: 


= J (un?/7) [ee ( 
a nt) 0 E 2x — = at Q 
H=H, 2Hy Dy. na Pl aee ee (9) 
n=I1 
re fin — KOPHM ypaBHeHna Beccesis: 
Tule =O (10) 


Otcroya HaXOJMM HOTOK MarHHTHOTO MOA, MpOHHTe- 
rpHpOBaB eFO HalpsAKEHHOCTh M0 Ce4eHHFO T1a3MbI 

co 
p= | HAS=Hynr-—4 Ayr,” y 


Ss r=t1 


exp [—(tn2c?/470797)t] 


bn? 
(11) 


To %e paBeHCTBO MOXKHO 3afHcaTb CJIeyFOUMM 
o00pa30M: 
(12) 


(13) 


MarHHTHbIM MOTOK Yepe3 CeYeHHe, paBHOe Ce4eHHFO 
m1a3MbI JO ee BiycKka B Nose Hy- gr — pasHHlla Mex Ty 
P WM Po, T.€. TOT MOTOK, KOTOPbIM BbITeCHAeTCA V3 
TipocTpaHcTBa MpH BBeeCHHH B Hero Mla3Mbl 3a 
Bpema f. Tenepb MO2%xKHO MOCTPOHTb CeMeHCTBO KpH- 
BbIX 


Oy 


rye O,— Hak ee 


ey ee TP? Og") t] (14) 
Ln 
n=1 
Kak (PyYHKUHIO BPeMeHH, MeHAA TapamMeTp dr”. 
KpuBble Id 9KCMepHMeHTaJIbHOTO fy =0,55 cM -TI0- 


CTpoeHbI Ha pic. 1. 3Had OTHOMICHHA Gr/Py, MOXKHO 


0 0.2 04 06 


t Gus) 


Puc. 1 3apucumMocth 9;/~) OT 
MarHUTHOrO MOJIA. 

B kayecTBe napamMeTpa B3ATO ory”, Te 6 — HpOBO_MMOCTH, 
ro — Havasbublt panuyc mia3mb1. U3smepenua mpoBOAMACh B 
(PHKCHPOBaHHbIe MOMEHTHI /, M fy OT HaYasIa BXOKICHUA BOJIHbI 
B OOaCTh C WHarHOCTHYeCKHM MarHHTHbIM TosIeM. 


BP€MeCHH TIPOHHKHOBeEHHA 
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jlerkO HalTH MpOBOAMMOCTb Oo JIA KOHKpeTHOTO 
cmyyas. OTMeTHM, 4TO B OKCIepHMeHTe I) ONpeAesA- 
JIOCh H3 AOMOJIHUTeIbHBIX H3MepeHHH TO YeTbIPeM 
KOHTPOJIbHbIM KaTYLUKaM. 


1.2. SKCIMEPMMEHT 


Ucnonp30Basiach UMIMHpnieckad pa3spAHaA Ka- 
Mepa (puc. 2). Baraped KOHeHCaTOpOB B 85 uF 


SRE 


1% 
on 


© 


Puc. 2 CxemMa 9kCnepHMeHTaIbHOM yCTaHOBKH. 

1 — pa3panqHasw KaMepa, auametp 40 cM Mu paccTOsHHe MexKAY 
aneKTponamu 45 cM. 

2 — creKiIsHHas TpyOkKa, 

3 — kKaTyUIkKa [JIA CO30aHHA MPOAOJIbHOTO MarHuTHOrO Noa Ay, 

4, 5 — u3MepHTeIbHbIe BUTKH, 

6, 7 — mbe30KepaMuyeckne aTYHKH aBJIeHHsA. 


3apaxKasach NO 30kV, ckopocTb HapacTaHHa ToKa 
4-10'' A/cex, paOounii Ta3 eiiTepHii, Ha4yambHbte 
napienua 0,2 wu 0,05 mM pt. cr. 

B paOote [6] 1poBOAUMOCTb CHJIBHO HOHH30BaHHOrO 
aproHa, CO34aHHOrO B yapHoli TpyOe, H3Mepssach 
C MOMOULbIO MarHHTHOM H3MepHTeIbHOM KaTyLIKH. 
KammOposka cCHrHasIOB NpoH3BOaMach TpocTpesm- 
BaHHeM Yepe3 MarHHTHY!O H3MePHTeJIbHY!O KaTYLUIKy 
aJIFOMHHHeBbIX OOPa3llOB H3BeECTHOM MpOBOAMMOCTH. 
IIpuMenenHblii MeTON W3MepeHHA pHrogeH WIA 
OTHOCHTeJIBHO HH3KHX TapaMeTpoB IIa3Mbl, Koraa 
Bpema Anpy3un MarHUTHOrO MOJIA Maso 10 cpaBHe- 
HHFO CO BpeMeHeM BJleTa Mla3Mbl B MarHHTHOe Hoe. 

B onvcbiBaeMbIX 9KCMepHMeHTaX WHarHocTMyecKkoe 
MarHHTHOe Ose CO3AaeTCA KaTYWIKOM, HAMOTAHHOI 
MeAHOW WMHKOK 2 <x 1 MM B 9 cnoesB. Ha Kontax ee 
CHeaHbl NONOJHUTeIbHbIe OOMOTKH DIA OOecHe4eHHA 
(POPpMbI MarHUTHOTO Noss, OTM3KOH K MpaAMOyrosb- 
Hou. C To %*e WeNbIO Ha KOHUAX KaTyWIKH CylesIaHbt 
*KeTesHble Wek. UlwHKa HaMaTbIBasacb Ha MesHYIO 
TpyOouky, KoTOpas cyIyKMIa 9KpaHoM, TIpelmaATCTBy- 


M3MEPEHUE SJIEKTPOHHOM TEMIIEPATYPbI MJIA3MBI 


FOUMMM $=paciipocTpaHeHHtO MarHHTHOTO HoOTOKAa, BBI- 
TeCHACMOLO TWIa3Mon. MarnutHad KaTyuika nutasacb 
OT OaTapew akkyMyJIATOpoB, atoulei 12, 24 u 48 V. 
IIpv 9TOM NOsIA BHYTPH KATYWIKM paBHATUCh CooTBeT- 
CTBCHHO 1150, 2300 u 4600 oe. BarrecHeHHbrit mia3Mmoii 
NOTOK H3Mepssicn DupepeHuMpyrOulMMH BUTKaMH, 
HaXODALMMUCA B KaTyUIKe, CO3MarOllei MHarHocTH- 
WeCKOe MarHHTHoe Nose. B 3aBHCHMOCTH OT 9KcrepH- 
MeHTa 4HCIO BATKOB H3MeHsIOCb. CurHal Cc BUTKOB 


ee O05 us 


a | 


Puc. 3 OcyunmorpaMMa mponHTerpHpoBaHHblx 
H3MEPHTeJIBHBIX BHTKOB 4, S. 


CHTHAJIOB C 


(puc. 3) perucTpupoBasicaA Ha OBYXJIyYeBOM HMMMyJb- 
com ocuMsorpade OK-21 mocne wHTerpHpoBaHus UH 
ycHJIeHHs. 

Ilo ocywaorpaMMaM BbITeCHeHHOrO TOTOKa Ha- 
XOQMIaCb CKOpOCTb yapHoi BOJIHbI NO BpeMeHH 
NpOXO%KJEHHA €€ MCKAY IBYMA H3MepHTeJIbHbIMH BHT- 
KaMH. Oua JiexKasla B Wpenemax oT 0,9-107 cm/cek go 
1,25-107 cm/cek. 3ameyeHO, 4TO CKOpocTb yaapHon 
BOJIHbI Ha MpoTsKeHHH Bcei TpyOKH (/=50 cm) 
MeHaeTCA Maio. [lostomy JIA DasIbHeHMIUHX pacueToB ee 
MOXHO CYHTaTb M@KTY IBYMA H3MepHTeJIbHbIMH BUT- 
KaMH TOCTOAHHOH HW paBHo 107 cm/ceKk. 

PacueT MpOBOQHMOCTH TMpOBOAHJICA He TOJIbKO B 
c1a60M MOCTOAHHOM, HO H CHJIBHOM HarHOCTH4ecKOM 
MarHHTHOM Mose WH al 3Hay¥eHHe o=(5+2)-10% 
eq. CGSE. Cootsetctsyrollad 3TOH mpoBoaHMocTH 
QIEKTPpOHHad TeMMepatypa, cuenya [7], BbIunciIAeTCA 
mo dopmyzsie: 


(15) 


T. — 9ileKTpOHHad TemMMepatypa B eV, Tora 
Tex 50 eV nana o=5-10 en. CGSE. MakcumambHoe 


HaOsodaBlueecd 3HayeHHe o=10!® eg. CGSE, co- 
OTBeTCTBYFOIad el 3%ICKTPOHHaA TeMIlepaTypa 
Tex 90 eV. 


2. OOcyxeHHe pesy.IbTAaTOB 


IlpumMeHus K [BWKeHHIO yapHoro ()pOHTa 3aKOHBbI 
COXpaHeHHA Maccbl, HMIyJIbcCa M 9HeEPrHH MO%*KHO 
OUeCHHTb TeMMepatypy I1a3MbI 3a yAapHOM BOJIHON, 
3HaA TOJIbKO OHH MapaMeTp, HallpHMep, CKOPOCTb 
yHapHow BosHbl. IIpocrbie BbIKaqKM MOKa3bIBatoT, 
“utTo TemMMepatypa W1a3Mbl, paccuMTaHHad pH ycs1o- 
BUM Te€PMOAMHAMHYeCKOLO paBHOBeCHA 3a yapHor 
BOJIHOM, OTIMYaeTCA He CHJIbHO OT 9JICKTPOHHOK 
TeMiepaTypbl, MOJyYeHHOH MeTOAOM BbITeCHeHHOrO 
MarHUTHOrO MOTOKa M paBHaeTca, mpuMepHo, 40 eV. 

IIpomemaH pa 9KCMepHMeHTOB TO yep%xkaHHto 
Tla3Mbl, DBYOKYUelicA 3a yRapHOM BOJIHOM CHJIbHbIM 
MarHUTHBbIM Mosem. HaiiqeHo, 4TO Mla3Ma HauMHaeT 
OKHUMATbCA pH HalpsAxKeHHOCTH MarHHTHOTO MOA 
H~=10koe, 4To cooTBeTcTByeT HaBJIeHHIO MarHut- 


Horo moa H?/8%=4 aM, CHeMOBATeJIbHO, ra3O0KHHe- 
THYeCKOe = aBsICHHe BHYTPH Ila3Mbl, 3a yaapHoi 
BOJIHOH, ~ 4 arm. M3 3aKoHa COXpaHeHHA MMMyJIbCa Ha 
yHapHOH BOJIHE HaXOAHM aBJIeHHe py, 3a yapHoii 
BOJIHOH MO ee CKOpoctTH A, 


Po =o, 6%. (1— 21}, (16) 


Qe 
0,/Q02 — OTHOMWMeHHe MIOTHOCTeH ra3a Mepe Hu 3a 
YHapHOU BOJIHOHM, ITO OTHOLMeHHE B YCIIOBHAX MOJIHOL 
HOHH3aHH paBHo 0,25. JIia neppoHayasbHOro jaBuJe- 
HHA p;=0,2 MM pt. cr. 4 0 = 107 cm/cek BErlunceHHoe 
3HAYeHHE Py OKA3bIBACTCA PaBHbIM 3,5 aTM. 
MuorouncuieHHble Mbhe3OH3MepeHHsA (Mbe301aTYHKH 
CTaBHJIMCh B TOPell H 3aMOWWIMNO CO CTeHKOM TpyOKU 
Ha pa3JIM4HbIX pacCTOAHHAX) WasIW 3Ha4eHHA p~ 4aTM. 
Bce WaBJIeHHA Py, MOYYeHHHbIe pa3JIM4HbIMH CIOCo- 
OamMv, OTJIMYAHOTCA He CHJIbHO, a OWIMOKUM JIexKAaT B 
lpedesaxX TOYHOCTH IKCHepHMeHTa. 
@MopMa UH BpeMsA Tbe30HMMysIbCa (pic. 4), a Takxe 


lipeABapuTeJIbHbIe pacyeTbl, MWOKa3SbIBatOline, UTO 
P atm 
5 
| ee 
6) 


Puc. 4 OcuunnorpaMMa Mpou3BOOHOM MarHUTHOrO MOTOKA B 
ceyeHHH BUTKa 5 UM CHrHasIa Mbe3soKepamMuyeckoro AaTyunka 6. 
TlopepxHocTb gaTYHka Ha 1 CM HWKE WIOCKOCTH BHTKa 5S. 


TepPMOWHHAMHM4eCKOe PaBHOBEecHe 3a YTAPHOM BOJIHOM 
HacTylaeT BecbMa ObicTpo (3a BpeMaA TopsaKa 
10~7 ceK) OTKpbIBaIOT 34MAHYMBbIe MepcneKTHBbI JIA 
9KCIepHMeHTaTOpPOB, padoTarolHx B OOacTH (bu3H- 
yecKOU Tra30BOH THHAMUKH OOJIbIIMX CKOpocTe;. 


ABTOPbI BbIPaxKatOT MpH3HaTeIbHOCTb OKT. LIA- 
®PAHOBY B. JI. 3a mose3Hble OOcyxTeHHA WaHHOH 
paOotbl uw OnaromapsatT KOMUCCAPOBA B. B. u KO- 
JIECHUKOBA FO. A. 3a NOMOUI[b B IpoBeeHHH 9KcrIe- 
PUMEHTOB. 
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A calculation of the loss of deuterons from a pinched current to the wall of the container has 
been given by G. P. Thomson [Phil. Mag. 82 (1958) 886]. This calculation 1s extended so that 
account is taken of an axial magnetic field. It is found that such a field can materially reduce the 


particle loss. 


1. Introduction 


If a strong current is passed through a low density 
gas in a cylindrical container, the self attraction of the 
parallel currents carried by the electrons causes an 
electron concentration near the axis of the cylindrical 
discharge and a radial electric field is set up between 
the axis of the discharge and its containing surface. 
Such a configuration is, however, found to be unstable. 
The forces arising from the twisting of an axial current 
produce further bending of the discharge column and 
the constricted matter comes in contact with the wall 
of the vessel. An axial magnetic field is usually applied 
to stabilize such currents as occur in Zeta, Scepter, 
Stellerator and other fusion machines. However, it is 
found that the axial magnetic field stabilizes the pinch 
only for certain small wavelength disturbances [1, 2, 3]. 

THOMSON [4] studied the problem of the loss of heat 
from the pinch due to the collision of the particles with 
the wall. He found that the loss of heat is reduced by 
the binding of the paths of both nuclei and electrons 
by the toroidal magnetic field of the current, as well 
as by the electrostatic potential created by the con- 
centration of electrons near the axis of the cylindrical 
discharge. It is to be noted that the electric field, the 
particle density and the magnetic field (outside the 
pinched region) decrease towards the wall. 

The object of the present paper is to estimate how 
the loss of particles to the wall is affected by the 
presence of an imposed magnetic field parallel to the 
axis of the discharge. 


2. Equilibrium configuration 


Assuming that the velocity of the electrons is 
wholly axial in the steady state configuration and that 
the velocity of the deuterons is negligible compared to 
that of the electrons, we have the following equation 
for the radial equilibrium of the deuterons: 


neH,= kPa, (1) 


and for the equilibrium of the electrons 


G19 15 roe tal I) 10 : (2) 
Here n is the particle density of the electrons as well 
as deuterons, ve is the mean axial velocity of the elec- 
trons; H is the toroidal magnetic field in gauss; EH, 
is the radial electric field in e.m.u. and is negative, Ta 
and 7’, are the temperatures for deuterons and elec- 
trons, respectively. The presence of the axial magnetic 
field does not change the steady state described by 
Thomson. 

lf Pa=Le= Fy Hq (1) can bemwritten: 


ight «el 
which integrates to 
n=n,exp(—eV/kT), 
y= —[B,dr. (3) 
0 
Kq. (2) yields 
veH=H;, = S (nn) =—2E,. (4) 


Thus the result that the pinch force on the moving 
electrons is twice the radial electric field still holds 
when the axial magnetic field is present. 

The equilibrium radius of the pinch will be written 
ro. Following Thomson we shall assume that in the 
region outside the pinch V is of the form 2 a log (7/r,), 
ie. the electrostatic potential due to a uniformly 
charged cylinder of radius 7, when the region outside 
the pinch is electrically neutral. Our calculations 
follow the same stages as those of Thomson. 


3. Equation of motion for a deuteron and its solution 


We calculate the chance that a deuteron of mass m 
and charge +e which has made a collision at 7, 0, z 
(in cylindrical coordinates) will hit the wall. The 
equation of motion of the deuteron, in e.m.u., is 


d? 
m —~ =e(E+vx H). (5) 


* This research _was supported by the United States Air Force through the Air Force Office of Scientific 
Research of the Air Research and Development Command under Contract AF 18 (600) 1315. 
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In our case this yields three equations 


m (7 —r62) = eB, + eH,r6 + eHé, (6) 


m ad 


Pap? N= —elst (7) 


We = CIEL iP . (8) 


Here H =(2 I/r) with J the total current strength in 
the pinch. H, is the uniform axial magnetic field 
applied externally. 
Eq. (8) integrates to 
2Le ie 


2 = 4— —_In 


2 
m ie ce) 


where Z, is the initial axial velocity of the deuteron, 
r its initial radius and r’ its final radius. 
Eq. (7) integrates to 


(7a) 
where C is the constant of integration. 


At a point where 7’ has its maximum we have 7 = 0. 
The condition for the collision with the wall is 


r'max = kh, (9) 


Ff being the radius of the wall. At such a point the 
equation of energy gives 


1 : ae 
= m [2 C oe, r 


qs 
1 : if 
= >mw*—2celn ae 


, 2m 
[Oy 


where we have written +m? for the initial kinetic 
energy of the particle in so far as it corresponds to 
its degrees of freedom in the axial plane. The equation 
can be written 


: DeliGmer siz 9 40€ r 
29— — n=] = wo? —— In— 
m r m r 


2 2 
| g A, =) (2 d |S 
= r2 v2 


9 
= r= 
"4m? ( 


(11) 


Following Thomson we neglect CO? (1/r?—1/r”), the 
error in neglecting this term being smaller than the 
error involved in taking w as corresponding to two or 
three degrees of freedom. With these assumptions 
Kq. (11) yields: 


g, =aln + G bin” 
1 fe 7 


pr?—r’) | (11a) 


where 


- a=2Ielm, b=4oelm, p=eH,/2m. 

The condition for the particle to hit the wall is that 

Eq. (11a) shall give a real value of Z) for r’> # and 

r< R. We make the further assumption that b < p? h?; 

this condition is satisfied in most cases of interest. 
When 7r’=R, Eq. (lla) reduces to: 


a 
2 


Z= an + [w?—p? (R2—r?)]? , (12) 


PARTICLE LOSS IN PINCHED DISCHARGE 


where Z has been written for 2). This will be real if 


r>r=R|1— ae (13) 
All the values of Z given by Kq. (12) are not allowed, 
since we must have (see Thomson [4}): 


Z| <0) « (14) 


4. Total number of deuterons reaching the wall 


When > log (r’/r) can be neglected in comparison 
with p? (r’2—r?), Eq. (lla) can be written 
/ 1 
r 5 SO NTS 
A= 1 || Ce <9) (7 eh) D 
Z=aln oe [w p? (i ea heme (15) 
It will be seen that for r’> R the two values of Z lie 
between the values Z,, Z, of Z given by Eq. (12). If 
all the allowed values of Z are equally probable, the 
chance that a particle hits the wall is 


VEDA 


20 


_ (16) 


provided again |Z,|<q@ and |Z,|<m. This can be 
shown to be true for most cases of interest, in particular 
if H, is large enough. 
Therefore the chance that the deuteron hits the 
wall is 
1 
) [ o2— p? (R2— r?)]2 3 


2a 
(17) 


If n is the density of deuterons at any point and o,w 
the average value of the product of scattering cross- 
section and relative velocity of deuterons, the total 
number of collisions at the point is 


(18) 


1 = 
Py 
> N° O,W . 


Thus the total number of deuterons reaching the wall 
per second will be 
R 


N= (n2e.0 2 Vr—Fr 2ardr. 19 
: o 
- 


We assume that n is given by the Boltzmann law 


20e l r r \—& 
n=n, exp | ——— In— | = 0, |— 
ool Ie Fe To ON ia 2 


where 
= 2 oe ked ' 


(20) 


We can also write Eq. (20) as 


n=ne(z| (20a) 


Putting x=7r/R and x =r/R, Eq. (19) becomes 


1 
as » R3 > 
N = 276, nr P= | nom Vu2®—x2 dx. (21) 
; (0) 


% 
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RK. Kk. JAGGI: 


If w/p R=2 mo/eH, is small compared with unity, 
r will be close to R and x will be close to unity. In 
this case the integral occurring in Eq. (21) will be of 
the order f (w/pR)3, with a coefficient B=1/3, if 
a—0 (i.e. in the absence of a radial electrostatic 
field); the coefficient will be somewhat larger than 
1/3 if «>0. (Values of « can be estimated to be of the 
order of unity.) 

Thus one obtains 


N= np Gane tne (a) (22) 


5. Comparison of the heat loss to that caleulated by 
Thomson 


We would like to compare our results to those 
obtained by G. P.THomson [4]. For rather weak 
axial currents the containment depends upon the 
electrostatic field and Thomson finds ([4], see cases 1, 2 
on page 891): 


(Np), = 270, w nr R?/a = 270, wnR? K(k T/20¢). (23) 


For strong axial currents, the electrostatic field is not 
important and could even be zero; for this case Thom- 
son finds (case 3 and Section 9) 


(Ny), =27 06, WR? R* w/a = 276, wn?R KR? (me/2 Le) . 
(24) 


When a strong axial magnetic field is present our 
result, Eq. (22), gives 


Ny = 2npo,wnr* KR? (w/pR)? 
= 20Po,w nr R*(2mo/eH, R)?. (22) 


We find 
Ng =I o y __[ 2meo \2 2oe 
(Vr), — \pR b= (sar) RDP 


For Zeta, Thomson gives the data ([4] p. 894) 


(23) 


f~2 xX 10* e.m.u (2 x 10° amps) , 
T ~5-10® degrees K. 


Thomson’s figure m ~6 x 108 does not quite correspond 
to this temperature: from +4 m@?=kT (as given 
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by Thomson, p. 889) we find w~2 x 107 cm/sec. 
Thomson further mentions o=10!°—10! (we shall 
take o=3x10%); amro2~100cm?, from which 
ro~5.6 cm; In (R/7r9)~1, hence we assume & = 20 cm. 
We take H, =104 gauss. With m=3.3 x 10-*4 gm for 
a deuteron and e=1.6 x 10-%°e.m.u. we find «~1.4, 


p=2.4x107, (w/pR)xv4.2x10- and N3/(Nr),~ 
eS MD 
Similarly 
oy ed dy ey eS 9 
(Nos ae, Hi RE oe H,? R® p. (24) 
With the data given above: 
a~1.9 x 108, 
Ny f 
PONT lees 25 
Gae- * (25) 


This shows that an axial magnetic field of 10* gauss 
considerably reduces the loss of particles to the wall. 
We note that, with the data used here, 


(gy os HAS se TO 


p? R2 ~ 2.3 x 101”, (26) 


so that the assumption b <p? R?, made in order to 
simplify Eq. (lla), is justified. 
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LETTER TO Eprror 


THERMONUCLEAR REACTION RATES* 


Physicists working on controlled thermonuclear re- 
actions in the laboratory have had little oceasion to 
consult tables of <av) so far. Happily, the indications 
are that this situation will soon be changed. To pro- 
vide some measure of consistency, newly revised 
curves of <ov) for DD, DT and DHe? are offered, 
see Figure 1 on next page. The results given here 
supersede the writer’s ealier compilation [1], itself a 
revision of a still earlier one. 


The (ov) values are based on cross-sections which 
comprise in part the values given in Table I. The 
values of o below 120 keV are those of ARNOLD, 
PHILLIPS, SAWYER, StovaLt and Tuck [2] except 
that the neutron branch DD, has been modified to 
take into account the angular distribution of PRr- 
ston, SHAw and Youne [3] in accordance with the 
method of McNerm [4]. The latter moves o (DD,)/ 
o (DDp) upward at low energies so that the branching 
ratio now declines to unity at the lowest energies, 
instead of to 0.92. The values of o at energies above 
120 keV come from many sources tabulated else- 
where [5]. 


The Maxwell averages given here are in close agree- 
ment with values given at 5, 10, 25, 50, 100 and 
150 keV temperatures by HessELBERG JENSEN, 
KoOFOED-HANSEN, SILLESEN and WANDEL [6]. 
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TABLET Basic cross-section values 


| Deuteron energy o in millibarns 
| in laboratory 
system == = —= = ae : = 
(keV) | DD, DD) DT DHe® 
| is | 0.065 0.065 15 
| 30 Ltd 1.10 278 
| 60 6.8 | 6.5 2180 Dae 
| 120 23 20 4700 31 
250 46 38 1720 290 
| 500 74 59 660 630 
| 1000 96 78 280 230 
| 
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Ne Win MAOLOM THERMONUCLEAR REACTION RATES 
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Fig. 1. Maxwell averages for DDporpay. DT and DHe? reaction 


rates as a function of incident deuteron energy in keV. 
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ABSTRACTS IN ENGLISH 


Behaviour of plasma in a rotating magnetie field, A. Leaatowrcz (Institute of Nuclear Research, Warsaw, 


Poland) Nuclear Fusion 1 (1961) 155—159 


ee ee eee - ae Een motion of a charged particle (in a plasma) in an external 
% g agnetic eld o the form: H,= AH, cos (wy/c) cos wt, Hy, =H, cos (wx/e) sin wt, Hz = 
=constant, H,=Hy=0, H»=H, [sin (wa/c) cos wt +sin (wy/c) sin wt], with wx/e<1, wy/c <1. If the con- 
dition sala (eHz/mew) <[—1 + (eH,/mcw)?2] is satisfied, then the particle moves away from the z-axis 
The particle energy is ~H,? e r?/(me* k) in °K where 7 is the average distance from the z-axis. < 


me eee of the plasma is then investigated taking into account its proper electromagnetic field. The 
wine trans 7 ¢ : ayslo os ofS ) 7 5 | , 
ea mg anspor equation is used: nm V+ vy -v=ngq (E+Vv x H/c) —_ yy — nm yp +p. The assumptions 
= ey Rissa consisting of equal populations of electrons and deuterons with density ~10!5/em3, w < 10!9/sec, 
poe G, v= 0.1 c. At ¢=0 it Is assumed that 7’ = 10° °K and v=0 and that the derivatives of the plasma 
density with respect to space variables are negligible compared to other terms of the transport equation. An 
expansion In powers of v/c is used. Zeroth, first and second order approximations are calculated using the 
Laplace transformation. Up to the second order of approximation, the field causes neither a durable change 
in plasma density nor a charge separation. 


Oscillations of four different frequencies appear in the plasma. At a definite frequency of the rotating field there 
appears a resonance phenomenon in which the amplitude of oscillation increases linearly with ¢. At resonance 
the mean energy per ion (in °K) transferred directly to the ionic part of the plasma increases with time as 
follows: (1/192 x?) (e%m/c* M* k) (H,* Hz?/n,”) t?. This means, for example, that in an axial field of 104 G 
and a rotating field of amplitude 10% G, the time necessary to provide energy corresponding to 108 °K (dis- 
regarding losses) is ~0.3 sec. : 


Axial conduction and radiation losses in a stabilised linear pineh, A. H. pe Borpn, F. A. Haas (English 


Electric Co. Ltd., Nelson Research Laboratories, Stafford, England) Nuclear Fusion 1 (1961) 160—166 


This paper presents a theory of conduction and radiation losses in a linear pinched discharge under steady 
conditions. The model selected is one in which the ohmic heating in a thin skin of current is equated to the 
radiation and axial conduction losses, the discharge being considered at a uniform pressure determined by 
the Bennett relation modified to include the effect of a possible completely trapped axial magnetic field. Formulae 
for temperature and other physical quantities are presented and limiting forms considered in a variety of 
circumstances. The effect of thermoelectric phenomena is considered and conditions under which the treatment 
is likely to be applicable discussed. 


Longitudinal oscillations in a neutralized electron beam with a boundary, M. Yosurkawa (Department of 
Physics, University of Tokyo, Tokyo, Japan) Nuclear Fusion 1 (1961) 167—171 


Longitudinal oscillation of a neutralized electron beam in a strong axial magnetic field is discussed. The beam 
is assumed to be cylindrical and to be confined in a conducting cylinder, or to be planar and to be held between 
two conducting plates. A sufficient and, in some cases, approximately necessary condition for stability is 
obtained. To be stable, the beam current should be below a certain value which depends on the electron velocity, 
the ratio of electron to ion mass and the geometrical dimensions of the beam and the conductor. The validity 
of the approximation is also studied. 


Radiation from a modulated beam of charged particles penetrating a plasma in a uniform magnetic field, 
E. Canossio (Max-Planck- Institut fiir Physik und Astrophysik, Munich, Federal Republic of Germany y) 
Nuclear Fusion 1 (1961) 172—180 


The radiation from a density-modulated beam of ions, which penetrates a plasma perpendicular to a strong 
magnetic field B,. is investigated in two simplified situations: a) the beam is an infinite plane parallel to By, 
and b) the beam is an infinite cylindrical surface parallel to By, the radius of the cylinder being the gyro-radius 
of the beam particles. This latter beam can be ideally constructed by injecting into a plasma a linear beam, 
modulated at a frequency which is an integral multiple of the gyrofrequency of the beam particles and incident 
in a direction which forms a very small angle with a plane perpendicular to By. 


In both situations some resonances of the Poynting vector are found. The resonance, which occurs when the 
modulation frequency is equal to the “‘ion-resonance’’ frequency, 1s specifically investigated, taking into 
account the finite electric conductivity of the plasma. It is shown that, under appropriate conditions, the beam- 
plasma interaction at this resonance becomes very strong. 
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x ° . . ag af 1 yi py 
Theory of Gerenkoy and cyclotron radiations in plasmas, T. KrHara. O, Aono, R. SugrmaRa (Department of 


Physics, University of Tokyo, Tokyo, Japan) 


Nuclear Fusion 1 (1961) 181—188 


Radiation from a charge g moving in a helix in magneto-plasma is investigated theoretically. When its speed 
v is much larger than the thermal velocity (m+ k7)!’? of the plasma electrons and the gyravion frequency 
is much smaller than the plasma frequency ,, the radiation power from the charge is (q? @%)/2v) In (v*/m— IEE"). 
Cyclotron radiation from an electron with non-relativistic speed decreases to zero as plasma density increases. 
For a positron in a dilute plasma, however, the radiation is strengthened. This strengthened radiation from 
a positron again decreases with increasing o%,/oq? and becomes zero for o*)/oq” = 2 (om = gyration frequency 
of the plasma electron). Damping of the Cerenkov radiation due to collisions of plasma electrons 1s also discussed. 


Cyclotron radiation by ions in plasma, V. I. Prsrunovicu, V. D.SHarranov (“J. V. Kurchatov” Institute 


of Atomic Energy, USSR Academy of Sciences, Moscow, USSR) Nuclear Fusion | (1961) 189—194 


In this work the intensity of radiation by fast ions in cold plasma is determined. This problem arose in con- 
nection with observations made on the OGRA device of resonance peaks of the electric field strength, Le. at 
the ion cyclotron frequency and its overtones. Although the abovementioned observations were made outside 
the wave zone, it is natural to expect that the experimentally revealed dependence of the number of observed 
peaks on the density of cold plasma must also be reflected in the intensity of radiation. Calculations showed 
that, with an increase of the ion velocity and of the plasma density, the maximum of the intensity of radiation 
actually shifts towards the high frequencies. 


This shift is analogous to the shift of the maximum of the radiation intensity for synchrotron radiation by an 
electron which has a velocity approaching the velocity of light. In the case of ions in plasma the role of the 
velocity of light is played by the phase velocity of the electro-magnetic waves in the plasma. This velocity 
approaches the Alfvén velocity c4 = By/\/4= mj; in the region which is important in the calculations. 
Therefore, the high overtones already become effective at a comparatively small ion velocity, O~ca<c. 


Measurement of the plasma electron temperature in a strong shock wave, T. 1. Frurppova, N. V. Fiurepov, 
V.V. ZHurin, V.P. Vinograpov (“J. V. Kurchatov” Institute of Atomic Energy, USSR Academy of 
Sciences, Moscow, USSR) Nuclear Fusion 1 (1961) 195—197 


The electron conductivity of deuterium plasma behind a strong shock wave has been measured by the method 
of displaced magnetic flux. At shock-wave velocities from 0.9 x 107 to 1.25 x 10’ em/sec electron temperatures 
of 50 and 90 eV have been found. A comparison between the observed electron temperature and the electron 
temperature computed from the shock-wave velocity has been made. Piezoelectric measurements and com- 
pression of plasma by a strong magnetic field yield exactly the same value of the gas-kinetic pressure of plasma. 


Loss of particles in a pinched discharge in an axial magnetic field, R. K. Jacer (Institute for Fluid Dyna- 
mics and Applied Mathematics University of Maryland, College Park, Maryland, U.S.A.) 
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Nuclear Fusion 1 (1961) 198—200 


A calculation of the loss of deuterons from a pinched current to the wall of the container has been given by 
(Go 1B. Thomson [Phil. Mag. $2 (1958) 886]. This calculation is extended so that account is taken of an axial 
magnetic field. It is found that such a field can materially reduce the particle loss. 


RESUMES EN FRANCAIS 


Comportement du plasma dans un champ magnétique tournant, A. Lecarowrcz (Institut de recherche nuclé- 
are, Varsovie, Pologne) Fusion Nucléaire 1 (1961) 155—159 


L auteur étudie le mouvement non relativiste d’une particule chargée (dans un plasma) dans un champ électro- 
magnétique tournant externe de la forme: H,=H, cos (wy/c) cos ot, H, =H, cos (wa/c) sin wt, H»=cons- 
tant, H,y=H,=0, Ez =H, [sin (a/c) cos wt+sin (wy/c) sin wt], avec wa/e<l, o y/o<1. Si la con- 
dition — 1< (eHz/mew) < [—1+ (eH,y/mcw)?] est réalisée, la particule s’éloigne de Vaxe z. L’énergie 
de la particule dans °K est ~H, e?r/mc? k), ot 7 est la distance moyenne & partir de Vaxe z. 
L’auteur étudie ensuite le mouvement du plasma en tenant compte de son champ électromagnétique propre. 
A cet régard, il utilise Péquation de transport: nm ¥ +yvV - v= nq (E+v x H/c) — yw — nm veo+p. 0 admet 
les hypothéses suivantes: le plasma est composé de populations égales d’électrons et de deutérons d’une 
densité de ~10?*/em?, w $10/s, Hy)~10? G, v<0,1¢; pour ¢=:0, T=10° °K et v=0 et les dérivées de 
la densité du plasma par rapport aux variables spatiales sont négligeables si on les compare aux autres termes 
de l’équation de transport. I utilise un développement en série de puissances de w/c. Il calcule les approxi- 
mations @ordre zéro, un et deux au moyen de la transformation de Laplace. Jusqu’a lVapproximation du 
deuxiéme degré, le champ ne donne lieu ni & un changement durable dans la densité du plasma ni a une 
séparation de charges. ; 


Des oscillations de quatre fréquences différentes apparaissent dans le plasma. A une fréquence déterminée du 
champ tournant, on constate un phénoméne de résonance dans lequel amplitude de loscillation augmente 
d'une fagon linéaire avec le temps. A la résonance, l’énergie moyenne par ion (en °K) transférée directement 
a la partie ionique du plasma augmente avec le temps comme suit: (1/192 7?) e? m/ct M4 k) H,! H22/n,2) ¢2. 
Cela signifie, par exemple, que, dans un champ axial de 104 G et un champ tournant d’une amplitude de 
10° G, le temps nécessaire pour fournir une énergie correspondant & 108 °K (abstraction faite des pertes) est 
~ 0,3 secondes. 


Pertes dues a la conduction axiale et au rayonnement dans une striction linéaire stabilisée, A. H. pz BorpE 
et F.A. Haas (English Electric Co. Ltd., Nelson Research Laboratories, Stafford, Royawme-Uni) 
Fusion Nucléaire 1 (1961) 160—166 


Le mémoire expose une théorie concernant les pertes dues a la conducton et au rayonnement dans une 
décharge linéaire pincée, dans des conditions stables. Le modéle choisi est concu de telle sorte que le chauffage 
ohmique dans une mince couche de courant compense les pertes dues au rayonnement et a la conduction axiale, 
la décharge étant considérée a une pression uniforme qui est déterminée par le rapport Bennett modifié de 
maniere a tenir compte de leffet d'un champ magnétique axial éventuel entiérement capturé. Les auteurs 
présentent des formules concernant la température et d’autres quantités physiques et examinent les facteurs 
de limitation dans diverses circonstances. Les auteurs examinent enfin l’effet des phénoménes thermoélectri- 
ques et les conditions dans lesquelles le traitement est susceptible d’application. 


Oscillations longitudinales dans un faisceau d’électrons neutralisé et limité, M. Yosurkawa (Département de 
physique, Université de Tokyo, Tokyo, Japon) Fusion Nucléaire 1 (1961) 167—171 


L’auteur examine les oscillations longitudinales d’un faisceau d’électrons neutralisé dans un champ magnétique 
axial intense. I] suppose le faisceau cylindrique et contenu dans une surface cylindrique conductrice, ou de 
forme plane et compris entre deux plaques conductrices. Il réussit & déterminer pour la stabilité une con- 
dition suffisante et, dans certains cas, presque nécessaire. Pour que la stabilité soit réalisée, le courant du faisceau 
doit étre inférieur & une certaine valeur qui dépend de la vitesse des électrons, du rapport entre la masse des 
électrons et celle des ions, ainsi que des dimensions géométriques du faisceau et du conducteur. L’auteur étudie 
également la validité de l’approximation. 


Rayonnements émis par un faisceau modulé de particules chargées pénétrant dans un plasma dans un champ 
magnétique uniforme, E. Canozsio (Mazx-Planck-Institut fiir Physik und Astrophysik, République 
fédérale d’ Allemagne) Fusion Nucléaire 1 (1961) 172—180 


Les rayonnements émis par un faisceau d’ions & densité modulée, qui pénétre dans un plasma perpendiculaire 
& un champ magnétique intense B,, sont étudiés dans deux situations simplifiées: a) le faisceau est un plan 
infini paralléle & B,; 5) le faisceau est une surface cylindrique infinie, paralléle & B,, dont le rayon est le rayon 
de rotation des particules du faisceau. On peut construire idéalement ce dernier faisceau en injectant dans un 
plasma un faisceau linéaire, modulé 4 une fréquence qui est un multiple entier de la fréquence de giration des 
particules du faisceau, et tombant suivant une direction qui forme un trés petit angle avec un plan perpendicu- 


laire & By. 
Dans les deux situations, on observe quelques résonances du vecteur de Poynting. L’auteur étudie plus parti- 
culierement la résonance qui se produit lorsque la fréquence de modulation est égale A la fréquence de la 


«résonance ionique», en tenant compte de la conductibilité électrique finie du plasma. Tl démontre que, dans 
des conditions appropriées, l’interaction faisceau-plasma devient trés forte a cette resonance. 
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7 a ae . al a > 
La théorie du rayonnement de Teherenkoy et du rayonnement eyclotronique dans un plasma, T. Kiara, 
O. Aono et R. Suarmmara (Départment de physique, Université de Tokyo, Tokyo, Japon) 


Fusion Nucléaire 1 (1961) 181—188 


Les auteurs étudient, du point de vue théorique, les rayonnements emis par une charge q se déplacant en 


hélice dans des magnétoplasmas. Lorsque la vitesse v est de beaucoup supérieure a la vitesse thermique 
(m-! kT’)1/2 des électrons du plasma et que la fréquence de rotation est de beaucoup inférieure a Ja fréquence 
du plasma w,. énergie du rayonnement émanant de la charge est (q? @9?/2v) In (Hii VI) L intensité du 
rayonnement cyclotronique émis par un électron ayant une vitesse non relativiste tend vers Z€ro lorsque la 
densité du plasma augmente. Cependant, dans le cas d’un positon se trouvant dans un plasma dilue, le rayonne- 
ment se trouve intensifié. Ce rayonnement plus intense émis par un positon diminue ensuite a mesure que 
w?,/oy2 augmente et tombe aA zéro pour w,/wy?> 2 (wy = la fréquence de rotation de Pélectron plasmatique). 
Les auteurs examinent en outre l’amortissement du rayonnement de Tcherenkov par suite de collisions 


délectrons plasmatiques. 


Rayonnement cyclotronique des ions dans un plasma, V. 1. Pisrounovircn et V. D, SHAFRANOV (Institut 
I. V. Kourtchatov de Vénergie nucléaire, Académie des sciences de ! Union soviétique, Moscou, URSS) 


Fusion Nucléaire 1 (1961) 189—194 


Dans cette étude les auteurs déterminent l’intensité du rayonnement des ions rapides dans un plasma froid. 
Le probléme s’est posé & propos de observation, au moyen d’un dispositif OGRA a des régimes déterminés, 
des pics de résonance de Pintensité du champ électrique & partir de la fréquence cyclotronique des ions et de 
ses harmoniques supérieurs. Bien que les observations mentionnées n’aient pas été faites dans la zone de onde, 
il était naturel de prévoir que la relation de dépendance, révélée par P?expérience, entre le nombre de pics ob- 
servés et la densité du plasma froid se refléterait aussi dans l’intensité du rayonnement. Les calculs ont montré 
que lorsque la vitesse des ions et la densité du plasma augmentent, lintensité maximum se déplace effective- 
ment vers les hautes fréquences. 


Ce déplacement est analogue & celui du maximum d’intensité du rayonnement synchrotronique dt a un électron 
ayant une vitesse proche de celle de la lumiére. Lorsqu’il s’agit d’ions dans un plasma, la rdle de la vitesse de 
la lumiére est joué par la vitesse de phase des ondes électromagnétiques dans le plasma; dans la région impor- 
tante pour les calculs, cette vitesse s’approche de la vitesse d’Alfvén: ca = Bo/(4 = mj o)!”. 

Tl s’ensuit que les harmoniques supérieurs élevés se manifestent déja a une vitesse relativement faible des 
10ONS: U~CA<C. 


Mesure de la température électronique du plasma dans une forte onde de choe, T. 1. Fiurppova, N. V. Friippoy, 
V.V. Jounin et V.P. VinoGrapov (Institut [.V. Kourtchatov de Vénergie nucléaire, Académie des sciences 
de V Union soviétique, Moscou, U RSS) Fusion Nucléaire 1 (1961) 195—197 


La conductivité électronique du plasma au deutérium, a lVarriére d’une forte onde de choc, a été mesurée par 
la méthode du flux magnétique déplacé. On a constaté qu’aux vitesses de propagation de l’onde de choc com- 
prises entre 0,9 x 10° et 1,25 x 107 cm/s, correspondaient des températures électroniques de 50 & 90 eV. La 
température électronique observée a été comparée a celle que lon a caleulée & partir de la vitesse de onde 
de choc. Les mesures piézo-électriques et la compression du plasma par un champ magnétique intense ont 
donné une seule et méme valeur pour la pression cinétique des gaz du plasma. 


Perte de particules au cours d’une décharge pineée dans un champ magnétique axial, R. K. Jacat (Institut 
de la dynamique des fluides et de mathématiques appliquées, Université du Maryland, College Park, Maryland, 
Etats-Unis) Fusion Nucléaire 1 (1961) 198—200 
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La perte de deutérons entre le courant pincé et la paroi de la chambre a été calculée par G. P. Thomson 
[Phil. Mag. 32 (1958) 886]. L’auteur du présent article a perfectionné le caleul de maniére & tenir compte de 
la présence @un champ magnétique axial. On a constaté qu’un tel champ peut réduire sensiblement la perte 
de particules. 


AHHOTALIMWA MO-PYCCKU 


a hie BO BpalijaroleMcsh MarHHTHOM nove, A. JIETATOBUY (Hucmumym sdepioix uccaedosanut, 
apuaéea, Iloabwa) AnepHbm cuHTe3 1 (1961) 155—159 


Mpopeseno MCCICMOBAHME HEPCIATHBUCTCKOLO OBMWXKEHHA 3apAKEHHOM YACTHLUbI (B MNa3Me) BO BHELIHeEM BpaLlaroimemcs 
SIEKTPOMATHUTHOM ose = cyleHyroulero) =BUunaa: Hy= H, cos (wy/c) cos wt, Hy= Hy cos (@x/c) sin wt, Hz=const., 


2 ee Ez=H) [sin (wx/c) COS ot + sin (wy/c) sinat], wx/c<1, wy/e<1. Ecnu YHOBNeCTBOPACTCA  YCIOBHE 
< (e Hx/mew)< eet a (e Hy/mew)*], TO 4acTHUa MepeABUraeTcA OT OCH-Z. DHeEPruA YaACTHUbI B rpadycax wkasibt Kesb- 
BUHa COCTaBlIAeT ~ Hy e*r*/(mc? k), roe + CpeqHee paccrosHue OT ocu-z. 


3aTeM ObiLIO McCHeAOBAHO MBYKeHMe M1a3MbI C yYeTOM ee COOTBETCTBYFOlerO IeKTPOMarHHTHOrO noms. Mpumensnocen 
cieHyroulee ypaBHeHHe TepeHoca: 

nmMV-—-VY -vV=nq(E+vxH/c)—Vy—nmyy +p. MpeanonoxeHuamu ABNAFOTCH: ma3Ma, COCTOSIIAA 13 paBHoro 4nca 
3JIEKTPOHOB H HevTPOHOB C MIOTHOCTBIO ~ 10!°/em~*, w< 10! cek, Hy~ 108 rayce v= 0,1 c. Hpu t= 0 mpeanonaraetcs, aro 
T= 108 *K u v=0 u 4TO NpoN3BODHBIMM HAOTHOCTH MWIa3MBbI 10 MpPOCTPaHCTBeHHbIM TlePeMeHHbIM MOXKHO TpenHeOpeyb 10 
CPpaBHeHHtO C MPYTHMH wWieHaMH ypaBHeHHsA TepeHoca. Mcnosib3yetca pa3oxKeHHe B PA M0 CTeneHAM v/c. C MOMOLIbIO 
mpeoOpazosanua Jlamaca MOACUMTHIBAIOTCA MPHONMXKEHHbIe BEIMYMHbI HyMeBOro, HepBoro UH BTOporO mopsaKa. BrioTh 


AO BTOPOTO NOPAAKA MPHOMMKEHHA MON HE BbIZbIBACT HM DIMTebHOrO M3MCHCHHA B MJIOTHOCTH M1a3MbI, HH pazqeseHnsn 
3apsana. 


B m1a3Me NOABIAIOTCA OCHHIIAUMH-YeTbIPeX Pa3IM4HbIX yacToT. IIpu onpexeNeHHON YacTOTe BpAalollerocsa MOJIA NOABIA- 
€TCA ABJICHHEe pe30HAHCa, IPH KOTOPOM aMIMVJIMTY a OCUMIWIAUHM BO3pacTaeT JIMHEiHO CO BpeMeHem. IIpu aBneHuu pe3oHaHca 
CpeMHAA 9HePruA Ha HOH (B rpanycax Wikabl KenbBuHa), nepeqaBaemMasd HeMOcpeCTBEHHO B MOHHY!O 4aCTb M1a3MbI, BO3pa- 
cTaeT CO BDeMeHeM Cie AyIOUWMM OOpa3om: (1/192 =) (e?m/ct M* k) (Ay? Hz?/np?) t2. ITO O3HaAyaeT, HAMPUMep, 4TO B AaKCHaJIb- 
HOM nose 10* rayce HW BO BpalarOWleMcsa MONe aMITUTyAbI 103 raycc, BPeMA HEOOXOAHMOE It HOCTHOKEHUMA IHEPrHN MOpaaKa 
10° B rpagycax wkanbt Kenbpuna (6e3 yyeta notepb), cocraBiaet ~0,3 cex. 


AKCHaJIbHad MpOBOHMOCTb H palHalHOHHble NOTepH B CTAOHIN3apOBaHHOM JIMHeiHOM mHHY-32pdexre, A. X. JIE 
BOP, ®. A. XAAC (HMxeauu Daexmpuk K°, Uccaedosameavckue aabopamopuu umenu Heavcona, Cmagpopo, 
Ane Aus) AnepuHpm cunte3 1 (1961) 160—166 


B HacTOALIeM HOKNaae H310%KeHa TeEOPHA MPOBOAMMOCTH HW paaHallMOHHbIX MOTePpb B JIMHEMHOM CKATOM pa3paae mpu 
yCTOHYMBbIX ycnoBuAX. B u30paHHOM MOeH OMHYeCKOe HarpeBaHHe B TOHKOM CJlOe TOKa MpupaBHMBaeTCA K AKCHAaJIbHOM 
MIPOBOHHMOCTH H PaaHallMOHHbIM MOTepAM, MpHYeM pa3pay PaccMaTpHBaeTCA MPH ONHOPOAHOM aBsIeHUH, ONpeAesAeCMOM 
COOTHOUIeHHeM beHHeTTa, H3MCHEHHBIM C IleJIbEO BKJIFOYeHUA IeKTa KAK MOXKHO OoMee BMOPOXKEHHOTLO B IIa3My aKCHasIb- 
HOrO MarHHTHOroO noms. IIpencraBneHbl POpMysJIbI AA TeMMepatypbl M AIA Apyrux Pu3M4eCKHX BeSIM4MH; PACCMaTPHBALOTCA 
OrpaHH4HBarollive (POPMBI B Pa3ssIHYHbIX yCNOBMAX. PaccMaTpuBaeTca IPeKT TEPMOIIEKTPHYeCKUX ABIICHHM U OOCyKTaIOTCA 
YCHOBHA, MPH KOTOPbIX, MO-BHNMMOMY, MO%KHO MPHMeHHTb WaHHblit MeTOL. 


Ilponosbubie KOeOaHHA B HeHTpaJIH30BaHHOM 3.1ICKTPpOHHOM Myke C rpannueli, M. MWOCUKABA (®u3zuveckutt 
omodea, Toxkutickuit yHugepcumem, Toxuo, Anonus) Anepupii cunte3 1 (1961) 167—171 


O6cyxaaeTCA MpOMOMbHOe KONeOaHHe HeiTpPaM30BaHHOFO IIEKTPOHHOLO My4Ka B MOLIHOM aKCHasIbHOM MarHUTHOM TIOJIe. 
Tlyyok mpenmonaraetTca WMIMHOpHYecKMM M OrpaHH4eHHbIM B MpOBOAALel UMTMHApMYeCKO OOONOUKeE HIM MIOCKMM HM 
ylepxKMBAaeMBIM MexKAY DBYMA MpOBOAAWIMMH T1acTHHKaMH. Co3qaeTcA HOCTaTOYHOe, a B HEKOTOPbIX C/yYaAX MOTH 
HeEOOXOAMMOe ycsIoBKe WIA ycrowunsoctTu. Uro6pi HOOUTECA ycTOM4MBOCTH, TOK NyYkKa NOJDKEH ObITh HWKe OLTpeMeeHHOK 
BeIMYMHbI, KOTOpad 3aBMCHT OT CKOPOCTH IEKTPOHOB, COOTHOIMEHMA 9JIEKTPOHHOM M MOHHOM Macc, a TaK2Ke OT TEOMeTPH- 
yecKUX pa3MepoB my4¥Ka H npoBogHMka. B noKsaqe u3y¥aeTcA Tak2%Ke OOOCHOBAHHOCTL MpHOMWKeHUA. 


V3.1y4enne H3 MOJYIMpOBaHHOrO Nydka 3aPHKCHHBIX “ACTHIH, MpoHHKaroulero B HIa3MY B O/JHOPOJTHOM MaruuTHOM 


noae, E. KAHOBBUO (Puzuueckuii u acmpoghuzuueckuu uncmumym Makca-Iaanxa, Mionxen, PPT) 
Anepupm cunte3 1 (1961) 172—180 


VUccnenyetca H3s1y¥eHHe OT My4Ka MOHOB MO/LyJINPOBAaHHOK MIOTHOCTH, KOTOPbIii TIPOHUKaeT Yepes MIAa3My NepHCHAMKyAPHO 
CHIBHOMY MarHUTHOMY mos1H0 By B ABYX YMPOLICHHBIX MOJIOKEHHAX : a) MYYOK ABIIACTCA OeckoneyHoit TLOCKOCTBIO, Mapasiesb- 
Ho By; 4 6) ny4OK ABsAeTCA GecKOHeEYHOK UMJIMHEPM4eCKOM MOBEPXHOCTHIO, MapasieIbHOW Bo, Paauyc KOTOPO! ABIIAeTCA 
paaMycoM ppallleHua YacTHL My4¥ka. OTOT NOcHeAHMK NyYOK MOXeT 6bITh HAeabHO CO31aH BBeEeCHMeM B TJ1la3My JIMHeMHOTO 
ny4ka, MOYJIMpOBAaHHOTO IIpH YaCTOTE, KOTOPAad ABIIACTCA LICJIbIM KPAaTHBIM 4aCTOTbI BpalllcHHA yacTull my4ka, WH Wadaroulero 
B HallpaBsIeHHH, KOTOPOe CO3qaeT OYEHb MAJIbIM yO C MOCKOCTbIO, MepneHAMKyJ1APHOU Bry, 


B o60nxX MOJO%#KeHHAX HAaMJeEHO HECKOJIBKO Pe3OHaHCOB BeKTOpa Tlow#uruara. CnemumasibHo ucceayeTca PesOHaHe, TlOJTy4ae- 
MbIii B TOM Cily4ae, KOr a MOAYJIAWMOHHAA yacToTa paBHa «MOH-pe30HaHCHOW»> yacTote, Cc y4aeTOM OrpaHHyeHHou STIEKTDO= 
MPOBOAMMOCTH I1J1a3MbIl. HaiineHo, 4TO B COOTBETCTBYIOIUNX YCIIOBUAX B3AMMOeHMCTBHeE Me*KAY NYYKOM HM MJia3Mou mIpu 


3TOM pe30HaHce CTAHOBHTCA OYCHb CVJIbHbIM. 
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Teopia “epeHKOBCKOrO H WHKJIOTPOHHOrO H3J1y4eHHA B MJ1a3Me, T. KUXAP 
ueckull omde’, Tokuiickuil yHusepcumem, Toxuo, Anonus) 


A, O. AOHO, P. CYPUXAPA (®usu- 
Anepupit cuntes 1 (1961) 181 —188 


Teoperuyecku ucclenyeTcA H31yY¥eHHe 3apAa g, OBWKyWeroca M0 CmMpasM B MarHHuTOMa3Max. Korga ero CKOpocTb V 
3HAYMTeIbHO MpeBbliuaeT TemMOBy!O CKOpOCT (m1 !kT)!/2 s01eKTPOHOB M1a3MBbI, a YaCTOTA BpallleHHA 3HA4MTeIIbHO MCHBLIC 
YACTOTHI M1a3MbI (), MOLWIHOCTb panvalHn 3apsfa paBHa (q?~_7/2v) In (v?/nr* kT). LuknoTponHaa paqMalna gneKTpoHa 
TBUraFOWUerOcd C HepeMATHBUCTCKOH CKOPOCTbIO MOHMKAeTCA TO HYJIA C YBeIMYCHHEM MJIOTHOCTH IJ1a3MBbI. Oauako JIA 
NO3HTPOHA B pa3pexeHHON My1a3Me MHTCHCHBHOCTb M3J1y4eHUA yBeMYMBaeTCA. ITA yBesHYeHHaA MHTCHCHBHOCTh M3J1yYeHuA 
TO3HTPOHa BHOBb MOHWKaeTCA C YBEIMYEHHEM *)/@ A? WH CTAHOBUTCA HyeBOH MIA w/o? > 2 (on— yacTorTa BpallleHHA 
uleKTpOHa ms1a3MbI). PaccMaTpHBaeTCA TAKKE 3ATYXAHHE YEPECHKOBCKOFO H3/1YYCHMA BCEMCTBHE CTOJIKHOBeHUH I11a3MCHHbIX 


9JIEKT POHOB. 


Luk 0Tponnoe w3.1y4eHHe HoHOB B MIa3me, B. UW. IIMCTYHOBNY, B. J. WIA®PAHOB (Hucmumym amo MHolU 


suepeuu umenu H. B. Kypuamoea Akademuu Hayx CCCP, Mocxea, CCCP) 


Anepuprt cuntes 1 (1961) 189—194 


B paOote onpeneneHa MHTCHCHBHOCTh H3JIYYeHHA OBICTPbIX HOHOB B XOJIOAHOH MIa3Me. DTa 3afaya BO3HHKJIa B CBA3H C 
HaOsOHeHMeM Ha ycTaHOBKe Orpa B OMpeesIeHHbIX PpeKMMAX Pe3OHAHCHbIX MMKOB HalpAKEHHOCTH WICKTPH4ECKOTO MOA 
Ha IMKOTPOHHOM MOHHOM YacroTe H ee OOepTOHaX. XOTA yKa3aHHble HaOJODEHHA MPOH3BOAHIIMCh HE B BOJIHOBOM 30HE, 
eCTECTBEHHO O%KUDATb, YTO OOHAPy2KeCHHAA B IKCMEPHMEHTEe 3ABHCHMOCTh YHCJIa HAOOMAeMbIX MHMKOB OT MJIOTHOCTH XOJION- 
HOli W1a3Mbl DOKHA HalTH CBOe OTpaxkeHHe HM B MHTCHCHBHOCTH H3yYeHHA. PacueTbI NMOKa3asIM, YTO MPH YBeJIM4eHHK 
CKOPOCTH MOHOB HM MJIOTHOCTH M1a3Mbl MaKCHMYM MHTe€HCHBHOCTH M3JIYYeHHA, DeHCTBHTeIbHO, CMellaeTCA B CTOPOHY 
BbICOKHX 4aCTOT. 

STO cMeleHve AHANOFHYHO CMeLUCHH!O MAaKCHMYMa MHTeCHCHBHOCTH K3J1yYYeHHA PH CHHXPOTPOHHOM H3J1yYeHHH 9IEKTPOHA, 
HMerHOLerO CKOPOCTb, OM3KyIO K CKOpOCTH cBeTa. B cily4¥ae HOHOB B I1J1a3Me POJIb CKOPOCTH CBeTa HIpaeT (ha3z0BaA CKOPOCTb 
9IEKTPOMArHHTHbIX BOJIH B I1a3Me, KOTOpad B CyLIeCTBeEHHOM JIA pacyeToB OONacTH 61N3Ka K allbpBeHOBCKOM CKOPOCTH 
ca= By |(4 = mj ny)!?. Tlostomy Bpicoxve O6epTOHbI MpOABIIAIOTCA yxKe TIPH CpaBHUTesIbHO HeOOsbUIOM CKOPOCTH HOHOB 


U~CA<KC. 


Vi3zMepenue 3J1eKTpOHHO TeMnepaTypbi 11a3MbI B MOWIHOM yapHow BosHe, T. UW. OUJIMMMOBA, H. B. PUJIMII- 
m10B, B. B. 2KYPUH, B. Tl. BAHOrPAOB (Hucmumym amomuoti anepeuu umenu HM. B. Kypuamoea Axademuu 
Hayx CCCP, Mocxea, CCCP) AnepuHbmi cuHTe3 1 (1961) 195—197 


MetTooM BbITeCHeEHHOrO MarHHTHOTO MOTOKa H3MepeHa BIEKTPOHHAA MPOBOAHMOCThb eiTepHeBoOw Wa3MbI 3a CHIIbHOM 
yaapHou BonHon. IIpu ckopoctax yoapHor BomHBI OT 0,9-107 no 1,25-10* cm/cek HaiiqeHa 39s1eKTpOHHaA TemMepatypa B 504K 
90 eV. IlpoBeqeHo cpaBHeHue NONyYeHHOH IIEKTPOHHOM TeMMepaTypbI C paccuHTaHHOH MO CKOpOcTH yoapHo BomHbI. ITbe30- 
QJIEKTPHYeECKHe H3MEPeHHA HM CKATHE TJIa3SMbI CHJIBHbIM MAarHHTHbIM TOJIeEM Walid OHO HW TO *e 3HaAYeHHe ra3OKHHETHYECKOLO 
aBseHHA WJ1a3MbI. 


Iloreps 4acTuil B paspaye THNa NHHY B OCeBOM MarHHTHOM nose, P. K. JOKATTM (Mucmumym dunamuku ocud- 
Kocmett u npuKAadHot Mamemamuku MepuasHocKkoeo yxugepcumema, Koaaedoe Tapx, Mepuasnd, CIITA) 
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AnepuHEi cunte3 1 (1961) 198—200 


T. Il. Tomconom [Phil. Mag. 32 (1958) 886] Opium coenaHbr pacueTbl MOTepH DeMTOHOB M3 MMHY-TOKa K CTeHKe cocyna. 
OTH pacueTbI pacnpocTpaneHbl AIA y4eTa BIIMAHUA OCeBOrO MarHUTHOTO Nos. HaiineHo, YTO TaKOe OMe MOxeT cyulecT- 
BeHHO YMeHbIIMTb MOTeprO 4aCTHIL. 


RESUMENES EN ESPANOL 


| * 5 P < pie e ° . ; . 
Comportamiento del plasma en un campo magneético giratorio, A. Lecarowrcz (Instituto de Investigaciones 
Nucleares, Varsovia, Polonia) Fusion Nuclear 1 (1961) 155—159 


a] ¢ > =~ le bat 1 A 1X71 { 

2 Se ea Fae oh Cae a aaa ee cargada (en un plasma) en un campo electro- 
ae aa a aS peak Me a9 ( : a la forma: fac oe (o y/c) cos w t, Hy = Hy cos (w w/e) sen ot, 
eee s Pig tae ay z=H, [sen ( w/c) cosmt+sen (wm y/c) sen wt], siendo wa/e<1l, wy/c< 1. 
Si se cumple la condicién —1 < (eHx/me w) <[—1+ (eH,/me w)*], la particula se aleja del eje z. La energia 
de la particula, expresada en °K, es ~ H, e? r?/(mc? k), donde F es la distancia media al eje 2. : 


Seguidamente, el autor estudia el movimiento del plasma teniendo en cuenta su campo electromagnético 
propio. Utiliza _jla_ siguiente ecuacién de transporte: nmv 4 vy -V=ng (E+v x H/c) — vy — nm vo Ep 
formulando las siguientes hipdtesis basicas: el plasma consta de ntimero igual de electrones y deuterones con 
una densidad de ~1015/em3, oS 10%/s, Hy~108 G, v< 0,1 c. Para t=0, se supone que T= 108 °K y v=0 
y que las derivadas de la densidad del plasma con respecto a las variables espaciales son despreciables en com- 
paracion con los demas términos de la ecuacién de transporte. Desarrolla v/e en serie de potencias y calcula 
las aproximaciones de orden cero, primero y segundo, usando la transformacién de Laplace. Hasta la aproxi- 
macion de segundo orden, el campo no causa cambios duraderos en la densidad del plasma ni provoca ninguna 
separacion de cargas. ° 


Se observan en el plasma oscilaciones de cuatro frecuencias diferentes. Cuando la frecuencia del campo giratorio 
alcanza un valor determinado, se manifiesta un fendmeno de resonancia en el que la amplitud de la oscilacién 
erece en forma directamente proporcional al tiempo. Durante la resonancia, la energfa media por ion (expresada 
en °K) que se transfiere directamente a la parte iénica del plasma aumenta con el tiempo segtin la siguiente 
funcion: (1/192 x?) (e?m/c* M4 k) H*4, H2z/n,2) t2. Esto significa que, por ejemplo, en un campo axial de 104 G 
y un campo giratorio de una amplitud 10° G el tiempo necesario para suministrar la energia correspondiente 
a 10° °K (despreciando las pérdidas) es del orden de los ~0.3 s. 


Pérdidas debidas a la conduccién axial y a la radiacién en una estriccién lineal estabilizada, A. H. pe Borpe, 
FF. A. Haas (English Electric Co. Ltd., Nelson Research Laboratories, Stafford, Reino Unido) 
Fusion Nuclear 1 (1961) 160—166 


Los autores exponen una teoria acerca de las pérdidas debidas a la conduccién y a la radiacién en una descarga 
con estriccion lineal en condiciones de estabilidad. Han elegido un modelo en el que se admite que el calenta- 
miento 6hmico en una capa delgada de corriente compensa las pérdidas por radiacioén y por conduccidn axial, 
considerandose que la descarga se verifica a una presidn uniforme que esta determinada por la relacién de 
Bennett, modificada a fin de tener en cuenta el efecto de un posible campo magnético axial totalmente captu- 
rado. Presentan formulas referentes a la temperatura y otros pardmetros fisicos y consideran factores de 
limitacioén en diversas circunstancias. 

Por ultimo, estudian el efecto de los fendmenos termoeléctricos y analizan las condiciones en que el tratamiento 
es susceptible de aplicarse. 


Oscilaciones longitudinales en un haz electrénico neutralizado y limitado, M. Yosurkawa (Departamento de 

Fisica, Universidad de Tokio, Tokio, Japon) Fusién Nuclear 1 (1961) 167—171 

El autor estudia las oscilaciones longitudinales de un haz de electrones neutralizado en un campo magnético 

axial de gran intensidad. Supone que el haz es cilfndrico y se encuentra encerrado en un cilindro conductor o 

bien que es de forma plana y esté intercalado entre dos placas conductoras. Determina la condici6n suficiente 

y. en algunos casos, cuasi necesaria, para que se mantenga la estabilidad. Para alcanzar esa estabilidad, es 

preciso que la corriente del haz sea inferior a cierto valor, que depende de la velocidad de los electrones y de 

la razOn masa electrénica/masa idnica, asi como de las dimensiones geométricas del haz y del conductor. El 
autor estudia también la validez de la aproximacidn. 


Radiacién emitida por un haz modulado de particulas cargadas al penetrar en un plasma en un campo magné- 
tico uniforme, E. Canossio (Max-Planck-Institut fiir Physik und Astrophysik, Munich, Republica Federal 
de Alemania) Fusién Nuclear 1 (1961) 172—180 


La radiacién emitida por un haz idnico de densidad modulada al penetrar en un plasma perpendicular a un 
campo magnético intenso B, es estudiada en dos casos simplificados : a) cuando el haz es un plano infinito 
paralelo a B, y b) cuando el haz forma una superficie cilindrica infinite paralela a B,, cuyo radio es el radio 
de giro de las particulas del haz. Este ultimo puede obtenerse idealmente inyectando en un plasma un haz lineal 
modulado a una frequencia que sea un miultiplo entero de la frecuencia de giro de las particulas del haz y que 
incida en una direccién que forme un déngulo muy pequeno con un plano perpendicular a By. 


En ambos casos se observan algunas resonancias del vector de Poynting. El autor estudia especialmente la 
. yd “ ui oe 

resonancia que se produce cuando la frecuencia de modulaci6én es igual a la frecuencia de “resonancia 1onica  , 

teniendo en cuenta la conductividad eléctrica finita del plasma. Demuestra que en condiciones favorables la 


interaccién haz-plasma se hace muy fuerte para esa resonancia. 
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Teoria de la radiacion de Cerenkoy y de la radiacién ciclotrénica en los plasmas, T. Kiara, OQ. Aono, 
R. Suammara (Departamento de Fisica, Universidad de Tokio, Tokio, Japon ) 


Fusion Nuclear 1 (1961) 181—188 


Los autores estudian desde el punto de vista teédrico, la radiacién emitida por una carga q que describe una 
trayectoria helicoidal en un magnetoplasma. Cuando su velocidad » es mucho mayor que la velocidad térmica 
(m-! kT')!/2 de los electrones del plasma y la frecuencia de rotacién mucho menor que la frecuencia) (05 del 
plasma, la energfa de la radiacién procedente de la carga viene dada por la expresiOn (q? @,"/2v) In (v*/m Eh. 
La radiacion ciclotrénica emitida por un electron. de velocidad no relativista decrece hasta cero a medida que 
la densidad del plasma aumenta. Sin embargo, esa radiacién se intensifica para un positron en un plasma diluido. 
Esta radiacién intensificada del positrén disminuye seguidamente al aumentar el cociente Oo” (OH y se anula 
para ,2/oy2> 2 (oy = frecuencia de giro del electrén plasmatico). Los autores discuten también la amorti- 


euacién de la radiacién de Cerenkov debida a las colisiones de electrones plasmaticos. 


Radiacién ciclotrénica de los iones en un plasma, V. I. PrsruNnovicn, V.D.SHAFRANOV (Instituto de 
Energia Atémica “I. V. Kurchatov’, Academia de Ciencias de la U.R.S.S., Moscti, U.RSS.) 


Fusién Nuclear 1 (1961) 189—194 


Los autores determinaron la intensidad de radiacién de los iones rdpidos en un plasma frio. El problema se 
planteé con motivo de observaciones, efectuadas en el aparato OGRA, de los maximos de resonancia de la 
intensidad de un campo eléctrico en regfmenes determinados, a saber, a la frecuencia ciclotronica de los iones 
y sus arménicos. Aunque las citadas observaciones no se realizaron en la zona ondulatoria, es l6gico suponer 
que la relacién de dependencia entre el ntimero de maéximos registrados y la densidad del plasma frio, hallada 
experimentalmente, se reflejaria también en la intensidad de radiacion. Los calculos indicaron que, al aumentar 
la velocidad de los iones y la densidad del plasma, el mdAximo de intensidad se desplaza, efectivamente, en el 
sentido de las frecuencias elevadas. 


Este desplazamiento es andlogo al desplazamiento del maximo de intensidad de la radiacion sincrotronica 
de un electrén animado de una velocidad préxima a la de la luz. En el caso de los iones plasmaticos, el papel 
de la velocidad de la luz lo desempenia la velocidad fasica de las ondas electromagnéticas en el plasma; en la 
region que reviste importancia para los caleulos, esta velocidad se aproxima a la velocidad de Alfvén: 
cx = B,|\/4e mj no. Por consiguiente, los arménicos de orden superior se. manifiestan ya en correspondencia 
con una velocidad idénica relativamente baja, a saber, v~ca<c. 


Medici6n de la temperatura electrénica de un plasma en una onda de choque de gran intensidad, T. I. Frrrprova, 
N. V. Fiurprov, V. V. Yuriy, V. P. Vinoeravov (Instituto de Energia Atémica “I. V. Kurchatov’” Academia 
de Crencias de la U.R.S.S., Mosct, U.R.S.S) Fusion Nuclear 1 (1961) 195—197 


Aplicando el método de desplazamiento del flujo magnético, los autores han medido la conductividad electronica 
de un plasma de deuterio detraés de una fuerte onda de choque. Comprobaron que a velocidades de propagacién 
de 0,9 x 10° y 1,25 x 107 cm/s correspondian temperaturas electrénicas de 50 y 90 eV, respectivamente. Se 
establecié una comparacién entre la temperatura electrénica registrada y la calculada a partir de la velocidad 
de la onda de choque. Las mediciones piezoeléctricas y la constriccién del plasma mediante un campo magnético 
intenso condujeron a un mismo valor para la presiédn cinética del gas plasmatico. 


Pérdida de particulas en una descarga constrenida en un campo magnético axial, R. K. Jagat ( Instituto 
de Dinémica de los Flindos y Matemdticas Aplicadas, Universidad de Maryland, College Park, Mary- 
land, Estados Unidos) Fusion Nuclear 1 (1961) 198—200 
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La pérdida de deuterones entre una corriente constrefida y la pared del recipiente fue caleulada por G. P. Thom- 
son [Phil. Mag. 32 (1958) 886]. El autor del presente trabajo extiende los limites de dicho calculo a fin de tener 
en cuenta el efecto de un campo magnético axial. Llega a la conclusién de que tal campo es capaz de reducir 
sensiblemente la pérdida de particulas. 


Vole eiNos2 


ERRATA ET ADDENDA Tom 1, Bbinyck 2 


Figure 2: delete the factor 10? in the ordinates label. Similarly, delete the factor 10 in Figure 3. 


The approximate expression in Eq. (21) and Eq. (22) are incorrect even to first order, inasmuch as 
the quantity y, assumed constant, contains n,. A useful expression for the upper critical current, 


where background gas density N, can be neglected, comes from Eq. (23): 


ce — (vo ase al 


Toxvl 


It has been pointed out by I. N. Golovin (P. R. Bell, private communication) that a sufficiently 
high initial pumping speed, 6), can thus reduce the upper critical current significantly. 
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TRANSLATIONS 


A limited number of copies of the translated texts (without figures and equations) of articles which have appeared 
in “Nuclear Fusion” stet available for subscribers to the journal or for those official agencies, exchange centers, govern- 
mental libraries, ete. who receive free copies of the journal. 

If you are subscriber, or an official recipient, and wish to receive a copy of one or more translated texts, address your 
request to “The Editor, Nuclear Fusion, International Atomic Energy Agency, Kaerntnerring 11, Vienne I, Austria”’. 


Include your address and the ‘“‘TT” number (see list below) of the translated texts which you wish. 


TRADUCTIONS 


Un nombre limité d’exemplaires des traductions (sans figures ni équations) des articles parus dans «Fusion nucléaire » 
seront prochainement & la disposition des abonnés et des institutions officielles, centres d’échange, bibliotheques 
nationales, etc. qui regoivent des exemplaires gratuits de la revue. 

Si vous étes abonné & la revue ou si elle vous parvient & titre officiel, et si vous désirez un exemplaire d’une ou de 
plusieurs traductions, adressez votre demande au Rédacteur de «Fusion nucléaire », Agence internationale de énergie 
atomique, Kaerntnerring 11, Vienne I, Autriche. Indiquez votre adresse et le numéro «TT» (voir liste ci-dessous ) 


des traductions qui vous seraient utiles. 


TIEPEBOJIbI 


B CKOpOM BpeMeHM OrpaHWYeHHOe YHCIIO 9K3EMMIAPOB MepeBeMeCHHbIX TeKCTOB CTaTeli (6e3 YepTexKeli U (OPMyJI), MOABUBLUMXCA 
B KypHane ,,ADepHbIi cuHTe3“, OyHeT NpesOCTaBeHO NOANMCUNKaM %KypHasla WIM TeM O*MUMAIbHbIM yapexKTeHHAM, WeHTPaM M10 
oOMeHy HHOpMaliMei, MpaBUuTesIbCTBeEHHbIM OnOMMOTeKaM HM T.O., KOTOPble MOyYarOT OecMaTHble 39K3eMMIAPbI #KypHaa. 

Ecuim BbI ABsIAeTeCh MOAMMCHMKOM JIM OPUUMAJIbHBIM MOJIyYaTesIeM M 2KesTaeTe MOMY4HTh IK3EMMIAP OAHOTO WIM Oonee MepeBedeH- 
HbIX TEKCTOB, OOpauiaiitecb m0 ampecy: «The Editor, Nuclear Fusion, International Atomic Energy Agency, Kaerntner- 
ring 11, Vienna I, Austria». YxaxutTe Ball ampec u HOMep «TT» mepeBeeHHbIX TeKCTOB (CM. TaOMIy HMKEe) KOTOPBIe BbI 


HKeTAaAeTe MOJYYATS. 


TRADUCCIONES 


En breve se dispondra de un nimero limitado de ejemplares de los textos traducidos (sin cifras ni ecuaciones) de 
los articulos aparecidos en «Fusién Nuclear» para las personas suscritas a la revista 0 para los organismos oficiales, 
centros de intercambio, bibliotecas publicas, etc., que reciben ejemplares gratuitos. 

Si esta usted suscrito a la revista, 0 la recibe a titulo oficial, y desea recibir un ejemplar de uno 0 mas textos traducidos, 
pidalos a la direccién siguiente: «Redactor de Fusién Nuclear, Organismo Internacional de Energia Atdémica, 
Kaerntnerring 11, Viena I, Austria». Indique su direccién y el nimero «TT» de los textos traducidos (véase la 


lista a continuacién) que desee. 


* Translated into 


TT-1 Nuclear Fusion 1 (1960) 3—41 R 
TT-2 Nuclear Fusion 1 (1960) 42—46 R 
TT-3 Nuclear Fusion 1 (1960) 47—53 E 
TT-4 Nuclear Fusion 1 (1960) 47—53 R 
TT-5 Nuclear Fusion 1 (1960) 54—61 R 
TT-6 Nuclear Fusion 1 (1960) 62—63 R 
TT-7 Nuclear Fusion 1 (1961) 82—100 E 
TT-8 Nuclear Fusion 1 (1961) 121—124 E 
TT-9 Nuclear Fusion 1 (1961) 189—194 B 
TT-10 Nuclear Fusion 1 (1961) 195—197 E 


* E — English, R — Russian 
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INFORMATION 


Inquiries should be addressed to ‘“The Editor, NUCLEAR 
FUSION, International Atomic Energy Agency, Vienna I, 
Austria”. 

Layout of Manuscripts 

Authors should set out their manuscripts as follows: 

a) Form of manuscript: A manuscript may be submitted 
in English, French, Russian or Spanish. It should be 
typed in double or triple spacing, with wide margins, 
and be on good quality paper: twa additional copies 
on thin paper should be attached; 

b) Equations should be numbered consecutively, using 
Arabic numerals in brackets the number being placed 
at the right side of each equation, e.g. “(2)”. Where 
possible, the exact equation will be used in all trans- 
lations. It is therefore preferable to use only those 
symbols which are recognized internationally and to 
avoid abbreviations of words which are meaningful 
only in a particular language (e.g. Hef. tnax, ete.). 
Simple symbols should be used and their meanings 
defined in the text. 

ce) Figures: 

1) Each figure should be on a separate page and num- 
bered consecutively with Arabic numerals, e.g. 
| Higa lk eves: 

2) Captions for all figures should be listed on a 
separate page and numbered appropriately ; 

3) Photographs (glossy prints) should not be sent 
unless they are indispensable ; 

4) Line drawings are preferred, if possible black ink 

on white tracing paper; 

5) To facilitate translation, internationally-recognized 


RENSEIGNEMENTS A L’USAGE DES 


Les demandes de renseignements doivent étre adressées 
au «Rédacteur en chef, FUSION NUCLEAIRE, Agence 
internationale de l’énergie atomique, Vienne I (Autriche)» 


Présentation des manuserits 


Les auteurs voudront bien se conformer aux dispositions 

suivantes: 

a) Forme du manuscrit. Les manuscrits peuvent étre 
rédigés en anglais, francais, espagnol ou russe. Ils 
doivent étre dactylographiés a double ou triple inter- 
ligne, avec de grandes marges et sur du papier de 
bonne qualité; deux copies supplémentaires sur papier 
pelure seront jointes a chacun deux. 

b) Les équations doivent étre numérotées selon l’ordre 
dans lequel elles sont données, & Vaide de chiffres 
arabes entre parentheses, le chiffre se trouvant a droite 
de chacune d’elles. Dans la mesure du possible, l’é- 
quation sera reproduite exactement dans toutes les 
traductions. I] est done préférable de n’utiliser que 
des symboles reconnus sur le plan international et 
d@éviter les abréviations qui n’ont de _ signification 
que dans une langue déterminée (par exemple: Vin, 
Vier, etc.). Il importe dutiliser des symboles simples 
et de+ préciser leur signification dans le texte. 

c) Croquis. 

1) Chaque croquis doit figurer sur une page distincte: 
tous les croquis doivent étre numérotés, & Laide 
de chiffres arabes, selon Vordre dans lequel ils sont 
présentés, par exemple: Fig. 1, etc. 

2) Les Iégendes de tous les croquis doivent figurer 
sur une page distincte et étre numérotées des 
maniere appropriée. 

3) Des photographies ne doivent étre envoyées que 
si elles sont indispensables. 

4) Il est préférable de soumettre des dessins au trait, 
si possible a VPencre noire sur papier calque blanc. 

5) Pour faciliter la traduction, il est reeommandé de 


FOR AUTHORS 


symbols only should be used on all figures, their 
definitions to bé included in the captions. 


d) Footnotes should be numbered consecutively with 
Arabic numerals and marked within the text where they 
occur. They should then be listed on a separate page. 

e) References should be marked in the text consecutively 
in Arabic numerals in square brackets, and the full 
references listed in numerical order on a separate page. 
Examples of the forms to be used: “[1] SMITH, A. B., 
Phys. Rev. 206 (1955) 483” or ‘[2] JONES, L. M., 
Plasma Physics (XYZ Book Co., New York, 1951) 59”. 

f) Tables should be numbered consecutively with Roman 
numerdls. The captions should be listed on a separate 
page. Wherever possible internationally-recognized 
symbols should be used in the column and_ their 
meanings defined in the text of the captions. Dimen- 
sions should be given in the table captions. 

An author's summary (not more than 300 words) of 

each article should be included with the manuscripts. 

The summary will be translated and will appear in 

the journal in the four official languages of the Agency. 


Note: 


One original and two copies of all figures, tables and separate 
pages of footnotes and references are necessary. 

When submitting the manuscript, the author should 
give the name of the person to whom the galley proofs 
should be sent, will the exact address. Reprint order 
forms will be sent with the galley proofs. 

If the manuscript is accepted, 50 free reprints will be 
sent to the author. Any additional reprints must be 
ordered when the author returns the galley proofs. 
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AUTEURS 


n’utiliser, pour tous les croquis, que des symboles 
reconnus sur le plan international, et dont la, 
définition devra figurer dans les légendes. 


d) Les renvois a des notes doivent étre indiqués dans le 
texte, en chiffres arabes entre crochets, dans Vordre 
numérique. Les notes elles-mémes figureront sur une 
page distincte. 

e) Les renvois a des références doivent étre indiqués dans 
le texte, en chiffres arabes, dans Vordre numérique; 
les références elles-mémes figureront dans lordre 
numérique sur une page distincte. Exemples des for- 
mules @ utiliser: «{5] DURAND, P., C. R. Acad. Sci. 
Paris, 376 (1956) 1344) ou «DUPONT, J., Physique 
des plasmas, (Nathan, Paris 1957) 59». 

f) Les tableaux doivent étre numérotés en chiffres ro- 
mains, selon Vordre dans lequel ils sont présentés. 
Les légendes doivent étre reproduites sur une page 
distincte. Dans toute la mesure du possible, il convient 
demployer des symboles reconnus sur le plan inter- 
national et de définir leur signification dans le texte 
des légendes. Les dimensions doivent étre indiquées 
dans les légendes des tableaux. 


g) Un résumé (300 mots environ) de chaque article doit 
étre jot au manuserit. Le résumé sera traduit et 
publié dans la revue dans les quatre langues de travail 
de lAgence. 


Note 


Il est nécessaire de fournir un original et deux copies de 
tous les croquis, tableaux et pages de notes et de références. 
En soumettant son manuscrit, auteur indiquera le nom 
de la personne & laquelle les premiéres épreuves devront 
étre envoyées en méme temps que son adresse exacte. 
Un bon de commande pour les tirés & part sera joint aux 
epreuves. Cinquante tirés & part de chaque article publié 
seront envoyés gracieusement A l’auteur. S’il désire 
recevoir des exemplaires supplémentaires, il devra en 
faire la demande lorsquwil renverra les épreuves. 


HH®OPMALIINA JA ABTOPOB 


3a cnpaBKaMu cylenyeT o6pamarsea m0 ampecy: «PenaxkTopy 
*KypHana «AnepHEii cuHTe3s», MexmayHapoqHoe aredTcrBo 110 
aTOMHOK 9Hepruu, Bena I, Ascrpus.» . 


Tlopayox OoOpMeHHA pyKonHceii 


AstTopaM mpemviaraetca cmenyroumii NOpALOK OmopmMieHusa 
pykonuceii: 


a) Popma pykonucu. Pykouuch MoxerT ObITb lipeycTaBleHa Ha 
AHTIMMCKOM, pYyCCKOM, (ppaHuy3cKOM IM ucnaHCKOM 
a3bike. TekCT pykOnMcH WOsDKeH ObITh OTMeYATaH Ha MMULLy- 
ile MallIMHKe Yepe3 06a UAU MpU UHMepEaAa, MMETb WUpOKUe 
nova WM ObITb NpesAcTaBeH Ha GyMare xopowiero KayecTBa 
B MmpeX 9IK3EMNAApPAX. 


- 


b) Vpaenenua DOMKHbI ObITh NOCHeNOBATEbHO NpoHymMepo- 
BaHbl apadcKumMU YyUugipamu 6 CKOOKaX KOTOPbie OJKHbI 
ObITh pacnONOx*KeHbI cpaBa OT ypaBHeHus, Hamp. «(2)». Mo 
BO3MO2%KHOCTH ypaBHeHHuaA OyayT DaBatbcA B OMMHAKOBOII 
(opme B MepeBowax Ha BCe AB3bIKU. TlooTOMy 2xeraTebHO 
MCHOJIb30BaTb B YPaBHEHHAX TOJIbKO MeXxKTyHapOHble 3HaKu 
M u3s0eraTb Take COKpalleHHii COB, KOTOPbIe MOHATHBI 
TONbKO B WaHHOM A3bIke (Hamp. Enap, Xmaxc M T.0.). Cne- 
AyeT UCMOMb30BaTb MpOcTble 3HAKH C MOACHEHHeEM B TeKCTe. 


c) PucyHkKy u cxemol. 


1) Kaskopri pucyHOK H CX€Ma JOJDKHBI WaBaTbesd Ha OTe/Ib- 
HOH CTpaHHue HW MpOHyMepoBaHbI MOCcMeqOBaTebHO 
apaocKumu yugdipamu, Hatp., «Puc. |». 

2) Hannucu ko BceM PHCyHKaM HM CX€MaM JOJDKHbI ObITB 
TaHbl Ha o0e1bHOM AUCINe KW COOTBETCTBEHHO IIPOHyMepo- 
BaHBl. 

3) Hanpapisatb oTOCHUMKH cienyeT TOMbKO B culyyae 
KpawiHeli HEOOXODMMOCTH B HHX. 

4) )KenatTenbHo pescTaBIATb YepTexku, BbINOJIHeEHHbIe Yep- 
HOH TYylibtO Ha OenoH BOCKOBKe. 

5) Ha Bcex pucyHKax 2KelaTeNbHO HCMONIb30BaTb MexKy- 
HapOHble yCIOBHbIe 3HaKH. OnpeaeneHua 3THX 3HAKOB 


INSTRUCCIONES 


La correspondencia debe dirigirse al «Redactor de la 
revista FUSION NUCLEAR, Organismo Internacional 
de Energia Atomica, Viena I, Austria». 


Presentacién de los Originales 


Al preparar los originales deberan tenerse en cuenta las 

siguientes normas: 

a) Texto de los articulos: Los articulos podran redactarse 
en espanol, francés, inglés o ruso. El texto, con dos 
copias, se enviara mecanografiado a doble o triple 
espacio, con amplio margen y en papel de buena calidad. 

b) Todas las ecwaciones se numeraran con nimeros arabi- 
gos colocados entre paréntesis a la derecha de cada 
ecnacion. En la medida de lo posible, las ecuaciones 
se reproducirdn exactamente en todas las traducciones ; 
por ello, conviene emplear los simbolos reconocidos 
internacionalmente y evitar el uso de abreviaturas 
que sdlo tengan sentido en un determinado idioma 
(por ejemplo, Vineds tmax, etc-). Deberan utilizarse 
simbolos simples cuyo significado se definira en el texto. 

c) Piguras: ; 

1) Las figuras se presentaraén en hojas aparte y se 
numeraran con mimeros ardbigos: por ejemplo: 
«Fig. 1». 

2) Los textos que acompanien a las figuras se agrupa- 
ran en una hoja aparte con la numeracién correspon- 
diente. 

3) Solo se enviardn fotografias cuando sea indispen- 
sable. min 

4) Se recomienda que las figuras se hagan en dibujo 
lineal, utilizando en lo posible tinta negra y papel 
de dibujo blanco. re ; 

5) Para facilitar el trabajo de traduccion conviene 
que en las figuras sdlo se empleen simbolos recono- 


AOJDKHbI BKIIFOYATBCA B MOAPHCyHOYHbIe HaaoNcH. ITO 
oOneruut TepeBow Marepwasios, 


d) Cxocku OIDKHbI ObITh NpOHYMepoBaHEI apaocKumu yudipamu 
MOCMeNOBATebHO U YKa3bIBaTbCA B TeKCTe. 3aTeCM BCe CHOCKH 
OJDKHBI ObITb TaHbl Ha OTOCNbHOM JMCTe. 


e) Haumenosanus cnpasoxnoit Aumepamypbt NOWKHbI ObITb 1po- 
HYMCPOBaHbI apadcKumu YUudpamMu B KBalIPaTHbIX CKOOKAaX. 
TlomuHble HavMeHOBaHHA BCeX MCNONb30BaHHEIX 31aHUii 
AOJDKHbI ObITb IpUBeAeHbI B OYepeAHOM MOpsAKe Ha OTMeENb- 
HOW cTpaHHue 0 cieayroulemy oOpasity. 

«{1] UEXOB, K., Amomunasa snepeua 14 (1959) 137 uni 
«{2] UBAHOB, ®., ®u3uxa naazsmor (AH CCCP, 1956)». 


f) Tadauyet RODKHbI ObITb MPOHYMepOBaHbI MOCMeEHOBAaTEJIBHO 
pumckumu yudpamu. Hannucu kK TabmuuamM OT KHbI 6bITb 
mepewHcNeHbl Ha OTMeEJbHOM sucTe. Ilo BO3MO>%xKHOCTH B 
TaOMUAX CHeLYeT UCHOMb30BATh MeX*KAYHAPOAHbIe yCMOB- 
Hbl€ 3HAKH, 3HAYCHUA KOTOPbIX AOJOKHbI ObITb WaHbl B TeKCTE 
Hagnucei K TaOsHUaM. Pa3mMepbl DOJDKHbI TakxKe AaBaTbca 
B TeKCTe HagmMceh K TaOMUaM. 


g) K pykonucn KaxnOi cTaTby MOJDKHa ObITh MpunoOx*KeHa 
KpaTkaad aHHoTauMaA (mpHmMepHo 300 cos). AnHoTalMsa 
OyayT MepepoguTbca Ha padoune a3bIKU AreHTCTBa 1 BKSIIO- 
4uaTbCA B XKYPHAII. 


TI pumeyanne: 


Bee pucynku, CXeMbl, MaOAUYbI, AUCMbI CO CHOCKAMU K meKcmy 
u Cnpasornol AumepamypHoii HeEOOXOOUMO NpedcmabAAMb 6 Mpex 
IK3CMNAAPAX. 

Ilpu mpeacrapieHuu pyKONMCH aBTOp HOJKeH yKa3aTb, KOMY 
H 110 KaKOMY afpecy JOJDKHbI ObITb HalIpaBJIeHbI FTPaHKUM CTaTbH. 
Bnauku Ha 3aKa3 QOMOMHMTENBHOTO KOJIMYeCTBA 3K3EMMIAPOB 
OyAyT HampaBsIATbCA ONHOBPeCMeHHO C rpaHkamu. 

B cnyyae NpHHTuA pykonucu aBTOopy OyneT OecnmaTHO Haripa- 
BuaTbcax SO ottTuckos. JlonONHUTeIbHbIe OTTHCKH cuedyem 
3aka3bieamb Tp BO3BpaileHuu B ATeHTCTBO rpaHOK CTaTbH. 


PARA LOS COLABORADORES 


cidos internacionalmente; estos simbolos se de- 
finiran en el texto que vaya al pie de la figura. 


d) Las notas de pre de pagina se indicaran en el texto 
con nuimeros ardbigos y se agruparan en una hoja 
aparte. : 

e) Las fuentes bibliograficas se indicaran en el texto con 
nuimeros ardbigos colocados entre corchetes, y se 
agruparan en una hoja aparte en orden numérico. Las 
menciones se haran de conformidad con los siguientes 
ejemplos: «{1] GRANADOS, A. J., Rev. esp. Fis. 17 
(1958) 483» 0 «{2] JONES, L.M., Plasma Physics 
(XYZ Book Co., New York, 1957) 59». 


f) Los cwadros se numeraran con niimeros romanos y los 
textos explicativos se agruparan en una hoja aparte. 
Siempre que sea posible se utilizaran en las columnas 
simbolos aceptados internacionalmente, dando su 
significado en los textos explicativos. 

Junto con el original se enviardé un resumen (de unas 
300 palabras). El resumen se publicarad en la revista 
en los cuatro idiomas de trabajo del Organismo. 
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Nota: : 


Deberdn enviarse un original y dos copias de las figuras y 
de los cuadros, ast como de las hojas separadas que conten- 
gan las notas de pie de pagina y las fuentes bibliogrdficas. 
Al enviar el original se indicara el nombre y la direccion 
exacta de la persona a la que deberan remitirse las pruebas 
de imprenta. Con las pruebas se remitira un formulario 
para encargar las separatas. “Hi 
Los autores de los articulos publicados en la revista 
recibirdn gratuitamente 50 separatas. Si desean recibir 
una cantidad mayor habrdn de indicarlo al devolver las 
pruebas de imprenta. ‘ 
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